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PREFACE 


This  final  technical  report  is  an  addendum  to  the  "Advanced  Laser  Con 
cepts"  report  prepared  under  Contract  No.  F29601 -76-C-0065,  ARPA  Order  No. 
2861  for  the  period  6 April  1976  to  6 December  1977.  That  previous  report 
was  prepared  by  J.  A.  Betts  and  D.  J.  Miller  of  TRW  Defense  and  Space 
Systems  Group,  Redondo  Beach,  California  and  was  sponsored  by  the  Advanced 
Research  Projects  Agency  and  monitored  by  Air  Force  Weapons  Laboratory. 


This  current  report  "Advanced  Laser  Concepts  - Production  of  NF 
Excited  States"  is  for  the  period  16  January  to  29  July  1978,  and  deals 
with  the  chemical  production  of  electronic  excited  states  of  NF.  All  work 
under  this  report  was  monitored  and  sponsored  by  Air  Force  Weapons  Laboratory, 
Albuquerque,  New  Mexico  under  Contract  No.  F29601 -76-C-0065.  Capt.  Steve 
Davis,  Capt.  Russel  Armstrong,  Lt.  Greg  Bradburn,  and  Dr.  Dave  Bernard  all 
have  served  as  project  officer. 

The  author  wishes  to  express  his  appreciation  to  the  following  individuals 
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AFWL. 
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1.  INTRODUCTION 


The  objective  of  this  program  is  to  tudy  the  chemical  reactions  and 
energy  transfer  processes  which  result  in  production  of  the  a^A  and  b^r  + 
electronic  excited  states  of  the  NF  molecule.  The  purpose  here  is  to  assess 
the  potential  for  the  development  of  an  electronic  transition  chemical  laser 
operating  on  the  NF(a^A  ■*  X2:’)  or  NF(b^E+  - X2r~)  transitions  at  wavelengths 
of  374  nm  or  529  nm  respectively.  An  important  principle  for  this  work  is 
the  use  of  an  exclusively  chemical  system  to  generate  the  necessary  reagents 
and  energy  transfer  partners  required  for  production  of  the  NF  excited  states. 

The  major  effort  on  the  previous  contract^  was  concentrated  on  studies 
of  ways  of  pumping  the  A2!;  state  of  the  CN  molecule.  The  second  part  of  the 
contract  concentrated  on  studies  of  the  chemical  pumping  of  the  b'r+  and 
a^A  state  of  NF.  The  work  on  NF  in  the  contract  successfully  demonstrated 
the  ability  to  handle  and  deliver  the  N^F^  reagent  to  a laser  type  device,  as 
well  as  the  ability  to  detect  the  NF  excited  states.  The  results,  however, 
were  not  encouraging  for  the  possibility  of  eventual  scaling  of  the  system 
to  a region  where  NF  lasing  might  be  demonstrated.  Subsequent  experiments 
using  staged  combustion  in  the  laser  cavity  were  done  under  TRW  I R&D  spon- 
sorship, and  the  results  demonstrated  increased  NF(b^  + ) state  number 
density.  These  results  demonstrated  production  of  NF  excited  states  in  a 
completely  chemical,  supersonic,  diffusion  mixing  laser. 

The  experiments  done  under  TRW  I R&D  sponsorship  on  the  NF  system  repre- 
sent the  first  application  of  staged  combustion  to  a supersonic,  diffusion 
mixing  chemical  laser  system.  Staged  combustion  is  simply  the  addition  of 
reagents  into  a chemical  laser  flow  at  different  distances  along  the  flow 
axis.  Care  must  be  taken  to  avoid  severe  aerodynamic  disturbances  in  the 
supersonic  flow  stream  while  maintaining  efficient  mixing.  Aerodynamical ly 
shaped  blades  are  used  for  reagent  mixing  in  this  application.  Such  blades 
have  undergone  extensive  testing  as  primary  mixing  blades  in  conventional 
HF  chemical  lasers. 

Staged  combustion  in  a chemical  laser  is  especially  applicable  to  chemi- 
cal production  of  NF  excited  states.  The  primary  pumping  reaction  is 
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(1) 


H(2S)  + NF2(2B1)  * HNF2*(1A)  - HF(xV)  + NF ( a 1 A ) 

It  is  well  established  that  reaction  (1)  is  fast  and  it  takes  place  from 
ground  state  reactants  to  produce  ■v  100  percent  of  excited  state  NF(a1A ) . ^2 
The  proposed  explanation^  of  this  selective  process  is  that  the  reaction 
proceeds  on  an  addition-elimination  rather  than  abstraction  mechanism  path. 

If  the  reaction  proceeds  through  a singlet  state  Intermediate,  then  by 
conservation  of  electronic  spin,  singlet  state  products  are  predicted.  If 
the  reaction  proceeds  by  direct  abstraction,  then  the  ground  triplet  state 
NF(X3i‘)  is  anticipated. 

A reactive  flow  analysis^  has  provided  a rate  coefficient  for  reaction  (1) 
1 3 3 

of  k = 2 x 10  cm  /mol-sec  at  298°K  and  a value  of  the  radiative  lifetime 
of  the  NF(a1a)  state  to  be  0.7  sec  for  the  forbidden  transition  to  the  ground 
electronic  states.  The  (0,0)  band  for  this  transition  has  a violet  shaded 
Q branch  head  at  874.24  nm. 

The  NF2  radical  required  in  reaction  (1)  can  be  supplied  by  thermal 
decomposition  of  N2F4  at  moderate  temperatures . The  low  N-N  bond  strength 
In  tetrafluorohydrazine  results  in  the  presence  of  detectable  amounts  of 
difluoroamino  radicals  even  at  ambient  temperatures.  At  600°K  N,F.  dis- 
sociation  is  virtually  complete  at  equilibrium.^'  The  kinetics  of  the 
thermal  dissociation  of  in  the  presence  of  excess  inert  gas  can  be 
written 

M + N2F4  t M + 2NF2  (2) 

where  M is  the  collision  Dartner.  The  forward  rate  constant  has  been  mea- 
sured for  M - Ar  or  , and  it  is  expected  that  at  the  temperature  and 

pressure  typical  of  an  HF  chemical  laser  cavity,  any  N2F4  injected  into  the 
laser  cavity  will  be  largely  dissociated. 

Hydrogen  atoms  can  be  more  difficult  to  supply  in  copious  amounts.  The 
bond  in  H2  is  strong  and  considerable  thermal  energy  is  required  to  dissociate 
It.  Also  if  H atoms  are  required  to  flow  some  distance  or  through  intricate 
mixer  hardware,  recombination  is  efficient  due  to  surface  Interactions.  An 
alternate  way  to  produce  H atoms  is  from  the  reaction 
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(3) 


F + H2  - MF{ v ) + H 

This  Is  of  course  the  central  reaction  In  the  HF  chemical  laser.  The 
fluorine  atoms  required  In  (3)  are  easily  made  by  completely  chemical  means 
In  a conventional  combustor,  and  after  expansion  through  a supersonic 
nozzle,  they  are  mixed  with  H..  cavity  fuel  to  produce  H atoms.  These  H 

L 

atoms  can  then  flow  along  to  the  point  where  they  mix  with  the  NF,,  reagent 
from  the  secondary  mixer.  Staged  combustion  such  as  this  can  allow  for 
the  separate  production  of  starting  reagents  and  allow  for  maximum  efficiency 
In  their  production.  This  type  of  combustor-supersonic  nozzle-mixer  con- 
figuration Is  a well  established  technique  used  In  existing  chemical  lasers, 
and  Is  very  adaptable  to  scaling  to  larger  dimensions  and  gas  throughput. 

It  Is  Important  to  note  In  the  present  experiments  that  reaction  (3) 
produces  not  only  the  hydrogen  atoms,  but  also  generates  the  heat  In  the 
laser  cavity  to  thermally  decompose  the  ^F^  by  reaction  (2).  In  this  way 
both  the  reagents  required  in  the  pumping  reaction  (1)  are  produced.  Reac- 
tion (3)  also  produces  vl brational ly  excited  HF(v)  required  In  a subsequent 
energy  transfer  reaction. 

Chemiluminescence  at  528.78  nm  from  the  b's+  state  of  NF  to  the  ground 
X^'.:'  state  is  also  observed  In  H/NF9  systems . ^ The  NF(b^+)  Is  produced 
from  the  NF(a  a)  by  a V-E  energy  transfer  Involving  HF 

HF( v ^ 2)  + HF(a1A)  - HF(v  - 2)  + NF(bV)  + aE  (4) 

Here  aE  is  -309.09  and  -30.44  cm"'  for  HF(2)  and  HF(3),  respectively,  assum- 
ing the  two  NF  species  are  In  their  ground  vibrational  levels.  In  these 
experiments,  copious  amounts  of  vlbratlonally  excited  HF  are  produced  by 
reaction  (3). 

Deuterium  atoms  are  equally  effective  as  hydrogen  atoms  In  producing 

NF(a'a)  by  reaction  (1).  However,  when  is  replaced  by  the  same  molar 

flow  at  D9,  reaction  (3)  now  produces  vlbratlonally  excited  DF(v)  and  the 
1 ^ ^ 

NF(b  E ) emission  practically  disappears.  In  the  D9  system,  the  DF(3)  and 
DF(4)  have  resonance  defects  of  1000  and  730  cm"^  respectively,  for  a 
A v » 3 V-E  energy  transfer.  The  expected  lower  probability  of  V-E  energy 
transfer  in  the  DF  case  supports  reaction  (3)  as  the  source  of  NF(b'::+)  In 


3 


the  H£  system. 

An  experimental  determination^  has  been  made  for  the  radiative  life- 
time of  the  NF(b^r+)  transition  at  528.78  nm,  and  gives  r = 16  msec.  The 

/ o\  *12  3 

rate  coefficient  for  reaction  (4)  is  estimated'  ' to  be  k = 1 .3  x 10  cm  / 

mol-sec  for  HF(2)  and  k = 3.4  x 10^3  cm3/mol-sec  for  HF (3)  at  298°K.  A 

(41 

subsequent  theoretical  analysis'  ' argues  that  reactions  Involving  the 
excited  NF  singlet  states  are  significantly  slower  than  the  corresponding 
reactions  involving  the  ground  electronic  state.  Experimental  determination 
of  collisional  quenching  rates  of  NF(b1t+)  and  (a^)  by  such  species  as  HF, 

Hj,  D2  and  H atoms  show  such  processes  to  be  slow.^  It  should  be  possible 
to  generate  large  concentration  of  electronically  excited  NF(b^z+)  if  the 
required  H atoms  vibrationally  excited  HF(v),  and  NF2  radicals  can  be  produced. 
The  appropriateness  of  such  a system  for  a visible  wavelength  chemical  laser 
are  obvious. 

Two  additional  reactions  need  to  be  mentioned  which  Involve  the  emission 

(21 

of  N2  first  positive  bands.  It  has  been  proposed  in  the  NF  system'  ’ that 
the  reactions 

H(2S)  + NF(a]A)  HF(xV)  + N*(2D)  (5) 

and 

N*(2D)  + NF(a1A)  - N2(B3ng)  + F^)  (6) 

3 3 + 

produce  the  observed  yellow  emission  from  the  ^(B  ng)  * (A  Ju)  band.  The 
evidence  supporting  this  conclusion  is  multifold  based  upon  a variety  of 
physical  observations,  thermodynamic  arguments,  and  level  of  vibrational 
excitation  in  the  N2  spectra.  The  intensity  of  N2  emission  observed  in 
these  experiments  is  such  that  in  consideration  of  its  shorter  radiative 
lifetimes  (t  -v  5 nsec)  compared  to  the  NF  excited  states,  reactions  (5) 
and  (6)  probably  do  not  play  a major  role  in  the  destruction  of  NF^a). 
However,  the  (2,1)  and  (1,0)  vibrational  bands  of  the  N2  first  positive 
partially  mask  the  NFU^a)  874  nm  emission  and  can  make  quantitative  measure- 
ments  difficult.  Also,  since  the  removal  of  the  N^ (B n ) species  is  pri- 
marily by  spontaneous  emission  at  our  pressures,  the  yellow  flame  indicates 
the  observed  lifetime  of  the  NF(a^A)  as  well  as  the  presence  of  excess 


hydrogen  atoms.  A green  flame  is  indicative  of  conditions  where  the 
NF(b^  + ) 529  nm  emission  dominates. 

A large  part  of  the  present  work  deals  then  with  the  investigation 
of  the  staged  combustion  concept  for  production  of  NF  excited  states.  A 
small  scale  (15  watt,  cw)  conventional  supersonic,  diffusion  mixing  HF 
laser  was  modified  to  allow  a second  mixer  to  be  placed  downstream  of  the 
primary  cavity  mixer.  In  this  way  N9F4  can  be  mixed  in  with  the  supersonic 
flow  of  reactive  gases  in  the  laser. 

The  present  work  also  included  a substantial  effort  to  produce  excited 

NF  using  a tri-stream  chemical  laser  nozzle.  Most  conventional  HF  chemical 

laser  nozzle/mixers  allow  for  the  mixing  of  two  reactive  gases  at  the  exit 

plane  of  a supersonic  nozzle.  The  tri-stream  nozzle  (TSN)  allows  for  the 

mixing  of  three  component  gases  at  the  throat  of  a slit  nozzle,  prior  to 

substantial  expansion.  The  TSN  hardware  has  previously  been  used  as  a DF 
( 9) 

laser  device'  , and  was  supplied  for  this  contract  by  AFWL.  While  the 
TSN  represented  a second  technique  for  mixing  the  three  reagents  N0F4,  H9, 
and  F-atoms,  the  TSN  experiments  were  also  designed  to  gather  data  to  com- 
pare to  previous  LAMP  modeling  calculations  performed  at  AFWL  for  the  TSN 
with  the  NF  system. 

Both  the  staged  combustion  and  TSN  experiments  represent  systems  which 
can  produce  NF  excited  states  by  exclusively  chemical  means  utilizing 
straight-forward  modifications  of  already  established  laser  techniques. 

While  neither  experiment  is  of  a scale  to  expect  lasing  from  NF,  the  goal 
here  is  to  identify  key  technical  Issues  which  need  to  be  addressed  in  order 
to  determine  the  scale  and  characteristics  of  a possible  laser  device. 


2.  STAGED  COMBUSTION  EXPERIMENTS 


This  section  will  describe  experimental  techniques,  apparatus,  and 
results  as  the>  pertain  to  the  staged  combustion  experiments  to  produce 
NF(a^A)  and  (b\+)  electronic  states.  Many  of  the  diagnostic,  gas  handling, 
and  data  reduction  techniques  are  the  same  as  those  applied  in  the  tri- 
stream  nozzle  experiments.  The  description  of  those  experiments  in  Section 

3.0  will  not  duplicate  the  description  of  similar  experimental  techniques. 

2.1  EXPERIMENTAL 

2.1.1  Experimental  Apparatus 

The  apparatus  used  in  the  staged  combustion  experiments  consisted  of 
a conventional  HF  supersonic,  diffusion  mixing  laser  with  gain  length  of 

3.1  cm.  This  is  the  MK-I  device  and  is  capable  of  10-20  watts  of  HF  cw 
lasing  power.  To  this  laser  device  a second  cavity  injector  has  been 
added  downstream  of  the  usual  cavity  injector  in  order  to  separate  the 
chemical  production  of  hydrogen  atoms  from  that  of  NFg,  the  two  primary 
reagents  required  for  NF  excited  state  production.  This  staging  of  chemi- 
cal combustion  at  varying  distances  along  the  flow  axis  allows  for  flexi- 
bility in  the  conditions  to  produce  these  reagents,  and  to  maximize  the 
efficiency  of  NF  production.  A schematic  diagram  of  the  staged  combustion 
system  is  shown  in  Figure  1.  The  laser  is  constructed  in  a building  block 
arrangement  and  its  component  parts  are  described  below. 

2.1 .1 .1  Combustor 

The  combustor  is  of  water-cooled  aluminum  construction  with  an  inside 
diameter  of  4.4  cm.  It  is  closed  at  one  end  by  the  F2/D2/He  burner  shown 
in  Figure  2.  Combustor  gas  flows  produce  fluorine  atoms  by  thermal  dis- 
sociation. A pressure  tap  is  located  6.4  cm  from  the  upstream  end  of  the 
combustor  and  the  overall  length  from  the  burner  head  to  the  nozzle  throat 
is  31 .5  cm. 

2. 1.1. 2 Primary  Supersonic  Expansion  Nozzle 

Three  different  interchangeable  nickel  nozzles  can  be  used  in  this 
device.  All  are  rectangular  slot-type  supersonic  nozzles  which  are  con- 
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Figure  1.  NF  Staged  Combustion  Laser  Device. 
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toured  for  parallel  flow.  They  are  3.1  cm  in  the  gain  direction,  and  are 

2 

1.2  cm  high  at  the  exit  plane.  The  resulting  exit  area  Is  3.72  cm  . A 
typical  nozzle  is  shown  in  Figure  3. 

While  the  exit  area  remains  constant  for  the  three  nozzles,  they  each 
have  different  sonic  throat  heights  to  give  an  area  expansion  ratio  of 
A/A*  = 4,  10,  or  14.  For  the  A/A*  = 10  and  14  nozzles,  the  sonic  throat 
area  was  determined  by  a cold  flow  experiment  using  a metered  flow  of 
helium  gas.  This  is  a more  accurate  measurement  than  by  geometrically 
determining  the  sonic  throat  area. 

2. 1.1. 3 Primary  Injector 

Two  different  copper  primary  injectors  are  used  to  mix  hydrogen  fuel 
into  the  combustor  gases  expanding  from  the  nozzle.  Both  are  of  the  Buse- 
mann  biplane  type,  and  are  shown  in  Figure  4.  The  two  injectors  differ 
only  in  the  number  of  vanes. 

The  individual  vanes  are  the  same  for  each  injector.  They  are  diamond- 
shaped, and  are  1.2  cm  in  height  and  0.95  cm  long  in  the  flow  direction. 

The  vane  is  0.77  cm  wide  at  its  center  point.  The  individual  injectors  main- 
tain the  same  exit  area  of  the  nozzle.  Figure  5 shows  the  primary  injector 
attached  to  the  nozzle. 

The  nine-vane  injector  has  four  holes  of  0.036  cm  diameter  on  the  aft 
end  of  each  vane  for  the  Hg  flow.  The  five-vane  injector  also  has  four 
holes  per  vane  with  a 0.018  cm  diameter. 

2. 1.1. 4 Secondary  Injector 

The  secondary  injector  is  downstream  from  the  primary  injector  and  is 
used  to  mix  ^F^  into  the  HF  flow  stream.  It  consists  of  a single  water- 
cooled  nickel  blade  with  a wedge-shaped  cross  section.  Figure  6 shows 
the  individual  blade. 

The  long  dimension  of  the  wedged  portion  of  the  blade  is  2.9  cm  and 
it  is  positioned  along  the  lasing  axis,  that  is,  the  blade  is  perpendicular 
to  the  plane  of  the  Busemann  vanes. 

The  blade  is  0.68  cm  long  in  the  flow  direction,  and  the  aft  end  has 
ten  0.01  cm  diameter  holes  for  ^F^  injection. 
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rigj'-e  3.  Ari-ary  Supersonic  Expansion  Nozzle  ^Upstream  view,.  *he  Exi 
Area  Is  3.1  cr  / 1.2  cm  = 3.72  c r2.  The  Nozzle  Is  of  water- 
Cooled  Nickel  Construction.  The  Scale  Is  in  Inches. 
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2. 1.1. 5 Laser  Cavity 


The  comoustor/nozzle/ primary  injector  is  attached  to  a water-cooled, 
aluminum  cell  of  5.0  cm  inside  diameter,  and  the  HF  flame  from  the  primary 
injector  is  free  jet  into  the  cell.  In  a typical  HF  laser  configuration, 
no  secondary  injector  is  present  and  the  two  sides  along  the  lasing  axis 
are  closed  by  CaF^  brewster  angle  windows.  This  arrangement  is  shown  in 
Figure  7. 

The  CaF2  brewster  windows,  when  present,  are  purged  with  N^.  In  a laser 
of  these  small  dimensions,  the  N2  purge  flow  can  result  in  a substantial 
fraction  of  the  approximately  1.7  torr  cavity  pressure.  In  order  to  avoid 
the  arbitrary  influence  of  the  N2  purge  flow,  the  initial  staged  combustion 
experiments  were  completed  with  flat  sapphire  windows  closing  the  sides  of 
the  cell  in  place  of  the  brewster  windows.  This  is  shown  in  Figure  1. 

The  third  side  of  the  cell  is  also  closed  by  a flat  sapphire  window. 

The  final  side  is  closed  by  a water  cooled  aluminum  plate  which  provides 
the  water  cooled  holder  and  gas  feed  throughs  for  the  secondary  injector 
as  well  as  a cavity  pressure  tap  location. 

The  final  arrangement  of  primary  and  secondary  injectors  is  shown  in 
Figures  8 and  9.  While  two  wedge  shaped  blade  injectors  are  shown,  for 
all  the  NF  staged  combustion  experiments,  only  a single  blade  was  used 
for  the  secondary  injector. 

In  the  laser  cavity,  position  along  the  centerline  of  the  cell  in  the 
flow  direction  is  referenced  by  distance  downstream  from  the  aft  end  of  the 
Busemann  biplane  injector.  This  distance  is  referred  to  as  Xc>  In  a similar 
manner,  distance  downstream  from  the  secondary  injector  is  designated  X '. 

In  practice,  the  secondary  blade  injector  is  always  held  in  the  same 
position  with  respect  to  the  laser  cavity.  However,  a set  of  spacers  are 
available  to  raise  the  entire  combustor/nozzle/primary  injector  section 
with  respect  to  the  laser  cavity.  The  difference  between  the  origin  of  the 
Xc  and  Xc‘  axes  is  referred  to  as  AXC  as  noted  in  Figure  1.  aXc  can  change 
from  a nominal  value  of  1.3  cm  without  any  spacers  to  a maximum  of  7.3  cm, 
progressing  in  1 cm  steps. 

In  the  actual  experimental  set  up,  it  was  necessary  to  add  a second 
cell  downstream  from  the  first  cell  since  the  NF  emission  extended  for  a 
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Figure  7.  Upst rear  View  of  HF  Laser  Cavity  Conf iguration  Showing  9-Vane 
Injector  and  CaF;  Brewster  Window  Holders  Along  Lasing  Axis. 
Mo  Secondary  Mi/er  Is  Present. 
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Figure*  (>.  Side*  View  Along  lasing  A\is  of  Staged  Combust  ion 

l aser,  ('.as  I low  Is  r rom  lop  to  bottom.  The  f ixture 
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considerable  distance.  The  final  arrangement  showing  both  cells  is  dis- 
played in  Figure  10.  This  second  cavity  is  a nickel  cell  of  5.0  cm  inside 
diameter.  It  Is  enclosed  on  three  sides  with  flat  sapphire  windows.  A 
pressure  tap  is  located  in  the  metal  plate  closing  the  fourth  side.  This 
pressure  tap  side  corresponds  to  the  same  side  the  pressure  tap  is  located 
in  the  first,  or  upstream  cell. 

In  the  final  arrangement,  the  field  of  view  of  the  flat  sapphire  win- 
dows in  the  upstream  or  No.  1 cell  extends  from  X ' = -2.1  cm  to  4.0  cm. 

The  pressure  tap  in  this  cell  is  designated  P-j  and  is  located  at  X ' = 2.1 
cm.  In  the  downstream  or  No.  2 cell,  the  viewing  region  extends  from 
Xc‘  = 10.6  cm  to  16.8  cm.  The  pressure  tap  in  this  cell  is  designated  ?2 
and  is  located  at  X ' = 15.0  cm. 

The  cavity  pressure  at  P-j  and  Pg  was  monitored  by  separate  0-10  torr 
MKS  absolute  capacitance  manometers  capable  of  ^ 0.05  torr  measurements. 
The  combustor  pressure  P is  monitored  by  a CEC  strain  guage  type  pressure 
transducer  of  1 psia  (51.7  torr)  full  scale  sensitivity  and  is  capable  of 
+ .5  torr  measurements. 

The  cavity  gases  pass  through  a water  cooled  heat  exchanger  and  soda 
lime  chemical  trap  prior  to  being  pumped  away  by  a large  capacity  Roots 
blower  - fore  pump  vacuum  system.  The  vacuum  system  is  capable  of  0.01 
torr  background  pressures  in  the  laser  cavity  and  has  an  ultimate  capacity 
in  excess  of  0.3  moles/sec  or  3400  liters/sec  at  cavity  pressures  of  about 
1 torr. 

2.1.2  Gas  Delivery  System 

The  combustor  gases  and  °2*  and  cavity  9as  H2  are  a1^  metered  t0  the 
laser  by  critical  flow  orifices  contained  in  a flow  control  panel.  As  long 
as  the  pressure  drop  across  the  orifice  is  > 2,  sonic  flow  is  established 
through  the  orifice  and  gas  flow  is  linearly  proportional  only  to  upstream 
gas  pressure.  The  orifice  upstream  pressure  for  these  gases  is  varied  be- 
tween 0.5  and  3 atm,  and  the  various  valves  and  metal  tubing  used  in  the 
gas  lines  are  such  that  the  > 2 pressure  drop  for  sonic  flow  is  easily 
maintained.  The  combustor  operating  pressure  of  about  30  torr  and  cavity 
pressures  of  several  torr  present  no  substantial  back  pressure,  and  even 
the  small  holes  associated  with  the  Busemann  primary  injector  present  no 


18 


Figure  10 


Nl  S tailed  Combustion  I xperimental  Setup.  The  Gas 
1 low  Is  From  Top  to  bottom.  On  the  Right  Is  the 
Spectrometer  t or  0bserv.it  ion  of  Iff  Infrared  (mission 
on  the  left  Is  the  Visible  Wavelength  Spectrometer. 
The  Toroidal  Mirror  Has  Been  Removed  From  the  Infra- 
red Spectrometer  to  Permit  a Clearer  View  of  the 
I user  Cav i t v . 


appreciable  pressure  drop  at  the  gas  flows  involved. 


The  combustor  He  flow  is  delivered  by  a glass  rotometer  device,  and 
its  delivery  pressure  is  maintained  at  its  calibration  value  of  10  psig  by 
a regulator,  insuring  the  validity  of  its  flow  calibration.  On  those 
occasions  where  N2  purge  gas  is  used  for  the  brewster  angle  windows,  a 
similar  rotometer  system  is  used. 

The  N2F4  delivered  to  the  secondary  blade  presents  a different  situation. 
The  high  molecular  weight  of  N2F4  and  the  small  holes  (ten,  0.01  cm  dia- 
meter holes)  associated  with  the  blade  injector  make  this  the  limiting  sonic 
orifice  in  the  gas  line.  At  the  flow  rates  involved  for  NgF^,  the  pressure 
immediately  upstream  from  the  blade  orifices  is  about  0.5  to  1 atm  pressure; 
the  downstream  pressure  is  several  torr,  i.e.,  the  pressure  of  the  cavity. 
However,  the  blade,  while  water  cooled,  is  immersed  in  the  HF  flame  from 
the  primary  injector  and  since  mass  flow  through  a sonic  orifice  is  pro- 
portional  to  T , the  N^F^  flow  at  constant  upstream  pressure  can  vary  as 
the  blade  heats  up  during  the  course  of  an  experiment.  Therefore,  a 
Matheson  linear  mass  flow  transducer  is  used  to  record  the  N2F^  flow  during 
an  experiment  rather  than  relying  on  any  previous  orifice  calibration. 

These  Matheson  linear  mass  flow  transducers  are  also  utilized  to  cal- 
ibrate the  critical  flow  orifice  system  and  rotometers  used  for  the  balance 
of  the  gases.  The  flow  transducers' dd  not  depend,  over  a wide  range  of 
values,  upon  the  pressure  and  temperature  of  the  gas  flowing  through  it, 
but,  in  fact,  they  measure  the  amount  of  material  flowing  through  utilizing 
a measured  temperature  rise  in  a slightly  heated  capillary  tube.  This 
allows  the  flow  transducer  to  be  conviently  placed  at  some  point  within 
the  actual  flow  system  used  in  the  experiment.  The  flow  transducer  has 
been  previously  calibrated  with  dry  N2  gas  by  the  manufacturer , and  this 
calibration  is  periodically  verified  by  TRW  Metrology. 

If  the  flow  transducer  is  used  with  another  gas  besides  N2  (e.g.,  He, 

H2>  D2)  a simple  one-number  correction  factor  is  utilized  which  relates 
the  change  in  specific  heat  capacity  and  density  between  N2  and  the  test 
gas.  Such  a technique  results  in  flow  calibrations  for  the  sonic  orifices 
with  about  + 5 percent  accuracy. 
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In  practice  for  expensive  or  toxic  gases  such  as  F^,  N2F4,  etc.,  a 
dummy  inert  gas  is  used  for  the  orifice  calibration.  This  dummy  gas  flow 
calibration  can  be  corrected  to  give  a calibration  for  the  experimental 
gas  by  using  well  established  formulas  for  sonic  flow.  The  ratio  of  the 
molar  flow  rate  of  two  gases  A and  B for  the  same  sonic  orifice  and  up- 
stream pressure  and  temperature  is 

Flow  A KA  ^ 1%  ,,v 

Fl¥I  = ^ \ Ff  (7) 

where  is  the  molecular  weight  of  gas  A and 


for  y equal  to  the  ratio  of  heat  capacity  at  constant  pressure  to  the  heat 
capacity  at  constant  volume  for  gas  A.  This  sonic  orifice  correction 
factor  is  different  from  that  used  to  correct  the  flow  transducer  for  dif- 
ferent gases  other  than  N2< 

The  correction  factor  formula  for  the  sonic  flow  orifices  ignores  small 
viscous  effects  present  in  the  gas  flow.  To  further  account  for  these,  a 
dummy  gas  of  similar  molecular  weight  and  size  to  the  experimental  gas  is 
used,  e.g.,  Ar  is  used  for  F2  calibrations.  Since  the  N2F^  flow  was  being 
monitored  directly  during  the  course  of  an  experiment  by  the  flow  transducer, 
a prior  calibration  with  a dummy  gas  for  N2F^  was  not  necessary.  However, 
in  some  cases  was  delivered  to  the  primary  Busemann  Injector  and  H,, 
to  the  secondary  injector.  The  size  of  the  orifice  in  the  Busemann  injector 
is  such  that  could  now  be  metered  by  a critical  flow  orifice  in  the 
flow  control  panel  in  the  usual  manner.  (The  only  reason  that  the  Matheson 
flow  transducers  are  not  used  at  all  times  for  all  gases  is  their  cost. 

In  general,  they  are  used  only  to  calibrate  the  critical  flow  orifice 
system.)  In  this  case,  SFg  was  used  as  a dummy  calibration  gas  for  N2F4. 

In  order  to  demonstrate  the  validity  of  these  various  correction  fac- 
tors, a calibration  was  done  using  itself  as  the  test  gas  as  well  as 
SFg  (the  flow  transducers  are  all  stainless  steel  construction,  so  the  use 
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of  is  permissible).  Similar  tests  had  been  done  previously  comparing 
H^i  02  and  the  He  flow  through  the  same  orifice  with  good  results.  However, 
the  direct  NgF^  calibration  gave  about  50  percent  higher  flow  rate  than  the 
calibration  derived  from  SFg.  Repetition  of  the  experiments  (over 
several  days  time)  gave  good  reproducibility  for  the  results. 

It  was  necessary  then  to  check  if  the  discrepancy  lay  in  the  flow 
transducer  itself,  the  flow  transducer  correction  factor,  or  the  orifice 
flow  correction  factor.  A system  was  put  together  which  would  allow  a 
metered  flow  through  a flow  transducer  to  enter  a known  volume.  The  pres- 
sure rise  associated  with  a measured  time  of  flow  results  in  a measurement 
of  flow  rate  which  utilizes  only  the  ideal  gas  equation.  No  knowledge  of 
heat  capacities,  molecular  weight,  or  viscous  effects  is  required. 

As  an  example  of  this  experiment.  Table  1 shows  the  measurement  for 
N2  gas,  which  requires  no  correction  factor  for  the  flow  transducer. 


Table  1.  Flow  Rate  x 10'^  Moles/Sec 


Derived  From 

Flow  Transducer 

Measured  From  Flow  Into 
Known  Volume  Experiment 

% Deviation 

88 

' 92 

+ 4.5 

54 

57 

+ 5.6 

20 

20 

0 

The  results  are  in  good  agreement  with  the  flow  transducer. 

Measurements  that  were  done  next  used  SFg  and  Ar  as  the  test  gases. 
Table  2 shows  these  results.  The  measurements  using  SFg  and  Ar  require 
correction  factors  of  0.295  and  1.396  respectively  to  be  applied  to  the 
flow  transducer  output,  and  these  results  represent  the  validity  of  apply- 
ing such  correction  factors.  In  addition,  the  reproducibility  of  the 
results  is  shown  since  the  first  three  SFg  points  were  taken  on  a differ- 
ent day  from  the  second  three  points. 


22 


Table  2.  Test  Gas  Flow  x 10'^  Moles/Sec 


Test  Gas 

Derived  From 

Flow  Transducer 

Measured  From  Flow 
Into  Known  Volume 

X Deviation 

SF6  ' 

62 

56 

- 9.7 

SF6 

32 

29 

- 9.4 

SF6 

16 

15 

- 6.3 

SF6 

16 

15 

- 6.3 

SF6 

32 

30 

- 6.3 

SF6 

62 

56 

- 9.7 

Ar 

78 

85 

+ 9.0 

Ar 

150 

162 

+ 8.0 

N2F4 

40 

20 

-50.0 

Table  2 also  shows  the  measurement  for  itself.  The  flow  derived 
from  the  flow  transducer  is  a factor  of  two  higher  than  the  measured  volume 
flow.  This  descrepancy  is  reproducible. 

The  measured  volume  experiment  should  represent  the  true  molar  flow 
rate  for  N^F^  as  it  does  not  rely  on  any  correction  factors.  The  flow 
transducer  correction  factor  of  0.368  is  based  upon  well  established  data 

for  the  heat  capacity  and  molecular  weight  for  N.,F4  (JANAF)  but  apparently 

some  error  does  exist.  Table  3 shows  how  several  representative  flow 
transducer  correction  factors  are  calculated.  For  a flow  transducer  cali- 
brated for  N,,  the  correction  factor  is  multiplied  by  the  apparent  flow 
rate  for  to  get  the  actual  flow  rate  for  the  test  gas. 

Impurities  in  the  N^F^  might  be  the  cause  of  the  error.  However,  two 

N^F^  bottles  obtained  about  eight  months  apart  gave  the  same  results. 

Moreover,  reasonable  impurities  such  as  N,,,  NF^  or  F^  would  only  increase 
the  discrepancy  since  they  have  larger  correction  factors  than  N^F^. 
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An  flow  transducer  correction  factor  of  0.185  would  be  required  to 
provide  agreement  between  the  flow  transducer  and  measure  volume  experi- 
ment. A correction  factor  of  0.185  is  indicative  of  a high  molecular 
weight,  larger  polyatomic  molecule  (see  for  example,  in  Table  3). 

The  manufacturer's  stated  purity  is  95  percent  and  it  is  unlikely 

that  there  is  a substantial  variation  from  this  since  the  gas  acted  in  all 
other  ways  as  N?F4.  Even  the  presence  of  a substantial  amount  of  NF-, 
would  not  explain  the  discrepancy. 

The  conclusion  from  these  results  is  that  the  flow  transducer  correc- 
tion factor  calculated  in  the  usual  manner  for  N^F^  is  a factor  of  two  too 
large.  The  measured  volume  experiments  are  straightforward  and  are  believed 
to  represent  the  true  flow.  This  has  been  born  out  by  the  balance  of  the 
data  in  Tables  1 and  2.  Therefore,  a revised  correction  factor  of  0.185 
will  be  used  for  N^F^  whenever  it  is  used  directly  with  the  flow  transducer. 

All  reagent  gases  are  used  without  further  purification.  The  deuterium 
gas  was  supplied  by  the  Government  without  a stated  purity  level;  it  is 
assumed  to  be  technical  grade.  The  manufacturer's  stated  purity  is  given 
in  Table  4. 


Table  4.  Manufacturer's  Stated  Gas  Purity 


Gds 

Manufacturer 

Grade 

Purity  (H) 

f2 

I c 

Air  Products 

Technical 

97 

He 

Air  Products 

High  Purity 

99.995 

H2 

Air  Products 

High  Purity 

99.9 

n2 

Air  Products 

Ultra  High 
Purity 

99.998 

°2 

U.S.  Govt.  Supply 

Technical 

98 

N2F4 

Hercules 

— 

95 

NO 

Matheson 

C.P. 

99 

2.1.3  Optical  Diagnostics 


The  optical  diagnostics  associated  with  these  experiments  consists  of 
observation  of  emission  in  both  the  infrared  and  visible  region.  The 
infrared  diagnostic  covers  the  region  2.5  to  3.2  um  to  observe  the  HF  av=1 
emission  in  order  to  determine  HF(v)  number  density  and  gas  temperature. 

The  visible  diagnostic  covers  the  500  to  900  nm  region  to  observe  the 
NF(a1a)  and  (b^:*)  as  well  as  ( B^rr g ) - (A3:*)  emission.  Both  wavelength 
regions  were  monitored,  wi th  0.3  m McPherson  spectrometers. 

2. 1.3.1  Infrared  Diagnostics 

A liquid  nitrogen  cooled,  InSb  photovoltaic  detector  is  used  with  a 
chopper  and  lock-in  amplifier  for  phase  sensitive  detection.  Spectra  are 
displayed  on  a strip  chart  recorder.  A 150  L/mm,  4 um  blaze  grating  in  the 
0.3  m spectrometer  is  used  in  first  order  for  a dispersion  of  21.22  nm/mm. 

For  the  HF  spectral  scan,  a nominal  slit  width  of  94  um  and  therefore  a 
resolution  of  about  2.0  nm  is  used,  but  in  practice  the  FWHM  for  a well 
isolated  HF  line  (e.g.,  P2 ( 4 ) ) was  determined  experimentally  for  the  actual 
slit  opening  in  order  to  accurately  determine  the  resolution.  Care  was 
taken  that  both  entrance  and  exit  slits  of  the  spectrometer  were  open  equally 
to  insure  a triangular  slit  function.  Both  an  accurate  resolution  and  tri- 
angular slit  function  are  required  for  determination  of  absolute  number 
densities.  The  slit  height  (i.e.,  length  in  the  nondispersi ve  direction) 
is  2 mm,  and  the  spectrometer  has  been  mounted  on  its  side  (Figure  10)  so 
the  slit  height  is  horizontal  and  therefore  perpendicular  to  the  flow  axis. 
This  gives  maximum  spatial  resolution  of  emission  along  the  flow  axis.  A 
2 um  long  wavelength  pass  filter  is  used  to  block  Interfering  second  order 
spectra.  The  slit  image  is  focused  on  the  entrance  slits  of  the  spectro- 
meter using  a front  surface,  aluminized  toroidal  mirror.  The  toroidal 
mirror  has  a 10  cm  focal  length  and  45°  focusing  half  angle  for  a 1:1 
magnification  of  the  slit  image. 

The  entire  optical  path  and  spectrometer  is  enclosed  and  flushed  with 
dry  nitrogen  to  remove  the  atmospheric  water  vapor  which  interfers  with  the 
HF  spectrum.  The  optical  system/detector  is  frequently  calibrated  with 
a 1000°K  black  body  prior  to  any  absolute  intensity  measurements.  Care  is 
taken  to  use  a flat  sapphire  window  or  CaF,,  brewster  window  in  the  calibra- 
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t i on  depending  upon  what  is  used  in  the  actual  experiment.  The  HF  spectra 
is  distinct  enough  that  the  lines  are  readily  identified  and  provide  their 
own  wavelength  cal  ibration. 

The  peak  intensity  of  the  HF  lines  are  hand  read  and  input  to  the 
CHEMLUM  computer  code^^  along  with  the  calibration  data.  The  code  con- 
structs Boltzmann  plots,  Ln(I/F)  versus  E(v,J)  where  I is  the  absolute 
line  intensity,  F is  a statistical  and  line  strength  weighting  factor, 
and  E(v,J)  is  the  energy  for  vibration-rotation  state  (v,J)  from  which 
the  emission  originates.  The  code  computes  the  rotational  temperature 
(assumed  to  be  equal  to  the  local  gas  temperature),  vibrational  number  den- 
sities, and  line-by-line  gains  of  the  excited  species.  HF(1  -►  0)  emission 
data  is  ignored  in  the  rotational  temperature  determination  due  to  usually. . 
non-linear  Boltzmann  plots  resulting  from  self  absorption  by  ground  state 
HF.  Measurements  are  taken  along  what  is  usually  the  lasing  axis  of  the 
HF  laser,  and,  therefore,  the  depth  of  the  optical  signal  is  taken  to  be 
3.5  cm,  slightly  larger  than  the  nozzle  length  3.1  cm,  to  account  for  ex- 
pansion in  this  direction. 

2. 1.3. 2 Visible  Diagnostics 

The  visible  diagnostic  extends  from  500  nm  to  900  nm  in  the  near  infra- 
red. A GaAs  photomultiplier  tube  (RCA  C31034A)  covers  this  entire  range. 

The  PMT  is  used  at  1500  V operating  voltage  with  a picoammeter  to  measure 
the  anode  current.  The  output  is  displayed  on  a strip  chart  recorder.  A 
600  L/mm,  750  nm  blaze  grating  in  the  0.3  m spectrometer  is  used  in  first 
order  for  a dispersion  of  5.31  nm/mm.  A nominal  slit  width  of  95  urn  is 
used  for  a resolution  of  0.5  nm,  but  again  a convenient  narrow  emission 
source  such  as  a He-Ne  laser  or  HF  dv=3  vibration-rotation  lines  which 
fall  into  this  spectral  region  is  ased  to  determine  the  actual  resolution. 

Care  is  taken  to  insure  that  both  slits  are  the  same  width  to  give  a tri- 
angular slit  function.  This  is  especially  important  for  quantitative  NF 
spectral  measurements  since  the  vibration-rotation  structure  of  the  electronic 
spectra  is  somewhat  broader  than  the  slit  width.  A triangular  slit  func- 
tion of  known  resolutions  makes  deconvolution  of  the  observed  spectra 
straightforward.  The  slit  height  is  2 mm,  and  with  the  spectrometer  on  its 
side  , the  slit  is  oriented  in  a horizontal  manner,  perpendicular  to  the 

O 

flow  axis  (Figure  10).  A 4800  A long  wavelength  pass  filter  is  used  for 
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order  sorting.  As  in  the  infrared  case,  a 1:1  magnification,  10  cm  focal 
length,  45°  half  focus  angle  front  surface  aluminized  mirror  is  used  to 
image  the  emission  light  on  the  entrance  slit. 

In  some  of  the  initial  measurements  made  under  this  program  for 
NF(b1l+)  emission,  inadvertantly  an  entrance  slit  of  190  ym  and  an  exit 
Isit  of  270  ym  was  used.  The  resolution  here  is  1.4  nm,  but  this  config- 
uration has  a trapozoidal  slit  function.  No  absolute  data  was  taken  at 
this  setting  and  there  is  no  problem  in  comparing  relative  data  all  taken 
at  this  same  slit  setting. 

The  sensitivity  calibration  prior  to  an  absolute  measurement  is  done 
using  an  Epply  ribbon  filament  lamp  with  an  absolute  calibration  traceable 
to  NBS.  Agai..,  a flat  sapphire  or  CaF2  brewster  window  is  included  in  the 
calibration  depending  upon  what  is  used  in  the  actual  experiment.  The 
wavelength  calibration  near  the  880  nm  region  is  supplied  by  P and  R branch 
lines  of  the  HF(3  -+  0)  transition^^  observable  in  the  HF  flame.  The 
NF(b^E  + ) emission  is  a strong  band  with  a distinctive  head^^^  and  provides 
the  wavelengh  calibration  in  the  530  nm  region. 

As  mentioned  above,  both  the  infrared  and  visible  spectrometer  are 
placed  on  their  sides  to  give  a horizontal  slit  orientation  with  respect 
to  the  vertical  gas  flow.  An  important  experimental  parameter  is  the  ob- 
servation of  the  emission  signals  as  a function  of  distance  Xc'  along  the 
flow  axis  (see  Figure  1).  In  general,  both  spectrometers  view  the  staged 
combustion  reaction  cell  along  the  lasing  axis,  with  each  spectrometer 
positioned  at  opposite  sides  of  the  reaction  cell.  The  gas  depth  for  both 
is  taken  as  3.5  cm  to  account  for  the  slight  gas  expansion  in  this  direction 
from  the  3.1  cm  nozzle  length.  Care  is  taken  to  insure  that  both  spectro- 
meters are  viewing  the  center  of  the  reaction  cell  and  are  at  the  same 
value  of  Xc'.  The  entire  staged  combustion  laser  apparatus  can  be  vertically 
translated  with  respect  to  these  spectrometers  by  means  of  a flexible  bellows 
attached  to  the  pumping  line.  The  bellows  system  holds  the  staged  combustion 
apparatus  rigid  at  any  one  position,  but  by  moving  the  reaction  cell,  the 
spectrometers  can  view  the  cell  at  different  Xc'  values.  The  position  of 
the  spectrometers  is  such  that  they  view  the  same  Xc'  region  simultaneously. 

A Polaroid  portriature  camera  was  used  to  photograph  the  flame  from 


the  reaction  cell.  This  is  found  to  be  a more  reliable  measure  of  the 
shape  and  homogeneity  of  flame  than  visual  observation.  However,  the 
Polaroid  film  seems  to  be  most  sensitive  to  the  yellow-colored  flame  re- 
sulting from  N2  first  positive  emission,  and  in  this  way  is  not  a direct 
measure  of  the  NF  emission.  On  those  occasions  where  the  NF(b1z+)  emission 
dominated  and  the  flame  was  indeed  a bright  green,  the  Polaroid  film  would 
reproduce  the  flame  features. 

2.2  RESULTS 

A typical  visible  emission  spectra  is  shown  in  Figure  11.  The  Av=5 

3 3 + 

to  A v=l  vibrational  progression  of  the  N^fB  n^)  -*■  (A  ly)  band  dominates  the 

spectra.  The  NF(b^z+)  emission  at  529  nm  is  clearly  visible.  However,  the 
1 

region  of  NF(a  a)  emission  is  obscured  by  the  Av=l  N2  first  positive  and 
HF(v=3  •»  0)  bands.  When  the  flow  of  f^F^  being  mixed  into  the  HF  flame  is 
increased,  the  NF  and  N2  intensities  increase  with  respect  to  the  HF(3-*-Q). 
However,  even  when  D2  replaces  the  H2  cavity  fuel  so  as  to  eliminate  the  HF 
overtone  signal,  the  NF(a^A)  signal  is  still  obscured  solely  by  the  N2  first 
positive  Av=l  band  as  shown  in  Figure  12.  While  D-atoms  are  as  efficient 
a source  to  produce  NF^a)  as  H-atoms,  Figure  12  does  show  the  effect  that 
the  NF(b1z+)  intensity  is  greatly  reduced  with  the  use  of  D2.  For  the  same 
conditions  in  Figure  12  but  with  H2  cavity  fuel,  the  NF(b^z+)  would  be  off- 
scale  by  about  a factor  of  two. 

This  difficulty  in  readily  observing  the  NF(a1A)  state  resulted  in  the 

initial  set  of  experiments  where  only  the  NF(b1z+)  state  was  monitored  as 

a function  of  gas  conditions,  staged  combustion  hardware  configuration,  and 

X ' . The  approach  here  was  to  find  a set  of  conditions  which  maximized 
c 1 + 

the  NF(b  z ) population  density,  and  this  might  also  be  a region  where  the 
NF(a^A)  population  density  increased  so  to  be  observed  more  clearly  from 
the  interfering  spectra. 

2.2.1  NqF,]  Primary  In.jector/H2  Secondary  Injector  Experiments 

The  first  staged  combustion  experiments  involved  mixing  of  into 
the  gas  flow  by  means  of  the  nine-vane  primary  Busemann  biplane  injector 
and  H2  being  added  downstream  by  a single  blade  secondary  wedge  injector. 
This  configuration  permitted  observation  of  the  maximum  NF(b)  signal  within 
the  viewing  region  of  the  first,  upstream  cell.  This  minimizes  the  trans- 
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Figure  11.  Typical  Visible  Region  Spectra  for  NF  System  Using  H, 
Cavity  Fuel.  The  Spectral  Resolution  Is  1.4  nm. 


Figure  12.  Typical  Visible  Region  Spectra  for  NF  System  Using  D2  Cavity 
Fuel.  The  Spectral  Resolution  Is  1.4  nm. 


lation  of  the  spectrometers  required  to  scan  the  entire  X 1 region  of 
interest. 

For  this  configuration,  the  N0F^  is  expected  to  mix,  but  not  react, 
with  the  F/DF/He  gas  flow  expanding  from  the  combustor.  Downstream  where 
the  Ho  is  mixed  into  the  flow,  reaction  will  take  place  to  produce  NF(a) 
in  the  region  where  HF(v  >_  2)  concentration  is  also  highest,  thus  giving 
good  opportunity  for  NF(a)  to  NF(b)  energy  transfer  by  means  of  HF(v  >_  2). 
In  addition,  if  mixing  of  the  N^F^  into  the  gas  flow  is  slow,  by  increasing 
the  distance  AXc  between  N^F^  and  H0  injection,  the  N^F^  will  have  more 
time  to  fully  mix  prior  to  reaction. 

For  these  experiments  the  NF ( b ) state  intensity  as  a function  of  X 1 
was  observed  for  a matrix  of  flow  conditions  and  hardware  configurations 
including  different  primary  nozzle  expansion  ratios  (A/A*)  and  varying 
AXc  values.  These  experiments  utilized  flat  sapphire  windows  on  the  cavity 
and  1.4  nm  optical  resolution.  All  observations  are  made  along  the  lasing 
axis  of  the  cell.  The  spectrometer  wavelength  setting  was  position  for 
maximum  NF ( b ) signal  at  528.8  nm.  For  a given  flow  condition,  the  value  of 
the  combustor  F2  and  cavity  N^F^  flow  remained  constant,  and  the  balance  of 
the  gases,  He,  and  H9,  were  repetitively  varied  to  maximize  the  NF ( b ) 
signal  at  X 1 3 3.0  cm.  Then  X was  varied  at  these  flow  conditions  to 

V C 

observe  the  change  in  the  NF ( b)  signal.  For  all  cases,  the  f’ame  appeared 
yellow  and  homogeneously  filled  the  reaction  cell. 

The  results  are  shown  in  Figures  13  and  14  for  the  conditions  given  in 
Tables  5 and  6,  respectively.  Two  important  points  should  be  noted.  First 
no  major  change  in  the  magnitude  or  behavior  of  the  NF (b)  signal  as  a func- 
tion of  X ' is  observed  over  a wide  range  of  hardware/flow  conditions.  The 
c 12  3 

maximum  observed  NF(b)  state  signal  corresponds  to  about  2 x 10  molec/cm 

Second,  for  all  cases,  a reproducible  local  maxima  is  observed  for  NF(b) 

between  1 and  2 cm  for  X 1 . 

c 

The  conclusion  reached  here  is  that  wide  variations  in  hardware/flow 
conditions  have  little  effect  on  the  chemistry  and,  therefore,  the  concen- 
tration of  NF(b).  One  theory  is  that  there  is  a kinetic  bottleneck  early 
In  the  reaction  sequence  and  subsequent  physical  effects  which  would  be 
expected  to  influence  the  chemistry  are  unimportant.  The  observed  local 
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Figure  13.  NF(b1E  ) State  Intensity  Versus  for  Case  of 

N2F4  in  Primary  Busemann  Injector  and  H2  in  Secon- 
dary Wedge  Injector.  Experimental  Conditions  Given 
in  Table  5. 
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Figure  14.  NF(b1z  ) State  Intensity  Versus  for  Case  of 

N2F4  in  Primary  Busemann  Injector  and  H:  in  Secon- 
dary Wedge  Injector.  Experimental  Conditions  Given 
in  Table  6. 
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maxima  may  represent  the  reaction  of  NFo  residual  in  the  prior  to 
substantial  heating.  The  ratio  of  this  local  maxima  to  the  true  maximum 
NF(b)  signal  may  indicate  that  only  a small  amount  of  NF,  is  available.  It 
is  unlikely  that  the  other  reactants,  H-atoms  and  HF(v  >_  2),  are  not  pre- 
sent in  reasonable  amounts.  A similar  local  maxima  was  observed  for  some 
cases  in  LAMP  code  modeling  of  the  NF  system  done  at  AFWL  and  It  was 

associated  with  reaction  of  residual  NF,  prior  to  reaction  of  additional 

c H3l 

NF2  produced  by  N,F^  thermal  dissociation.  ' 

The  NF(a)  state  emission  was  also  observed  In  these  experiments.  The 
intensity  of  the  N2(B  * A)  transition  is  strong,  however,  and  interferes 
with  a quantitative  determination  of  NF ( a ) signal  intensity. 

Methane  was  used  in  place  of  the  cavity  H,,  in  order  to  try  and 
quantitatively  observe  NF ( a ) . Methane  can  be  used  in  the  NF  system  because 
both 

F + CH4  - HF(v)  + CH3  (9) 

and 

CH3  + NF2  - CH3F  + NF (a 1 A ) (10) 

(21 

can  take  place.  ' While  the  NF(b)  intensity  is  somewhat  reduced  (a.  3X) 
for  CH^  compared  to  H^,  the  CH^  still  produces  NF(a)  and  the  yellow 
first  positive  emission  is  eliminated.  This  is  because  in  contrast  to 
reaction  (5),  the  reaction 

CH3  + NF(a1a)  - CH3F  + N*(2D)  (11) 

does  not  have  sufficient  exothermici ty  to  produce  the  excited  nitrogen 

atoms.  However,  while  it  is  experimental ly  observed  that  the  N,,  emission 

*-  1 

disappears,  it  is  replaced  by  the  rich  electronic  spectrum  of  the  CH^(b  B.) 
(a  A.j)  band  which  also  interfers  with  quantitative  observation  of  NF(a). 

2.2.2  Hq  Primary  Injector/N^F^  Secondary  Injector 

These  next  experiments  were  identical  to  the  previous  ones  described 
in  Section  2.2.1  except  now  the  H^  cavity  fuel  is  mixed  upstream  by  the 


37 


nine-vane  Busemann  primary  injector,  and  the  NjF^  is  added  downstream  by 
the  single  blade  secondary  wedge  injector.  This  should  allow  the  N2F4  to 
be  mixed  into  a region  of  high  temperature  in  the  HF  flame  which  may  accel- 
erate the  thermal  decomposition  of  N^F^.  The  NF(b)  intensity  is  now  ob- 
served to  extend  over  the  viewing  region  of  both  cells,  and  a point  at 
Xc‘  ■ 11.5  cm  in  the  downstream  cell  is  picked  to  maximize  the  NF(b)  inten- 
sity as  a function  of  gas  flow.  Again,  for  a given  flow  condition,  the 
value  of  the  combustor  F,  and  cavity  N9F4  flow  remain  constant  while  the 
balance  of  the  gases  are  repetitively  varied. 

For  all  these  cases,  the  flame  appeared  yellow  and  originated  as  a 
triangular  shaped  free  jet  expansion  from  the  secondary  blade  when  viewed 
along  the  lasing  axis.  The  yellow  flame  was  not  attached  to  the  secondary 
blade  and  stood  off  about  0.5  cm  in  the  downstream  direction.  By  the  time 
the  flame  reached  the  downstream  cell  it  homogeneously  filled  the  obser- 
vation region. 

The  results  are  shown  in  Figure  15  for  the  conditions  given  in  Table  7. 
Pj  and  P,  are  the  cavity  pressure  taps  located  at  X ' = 2.1  cm  and  15.0  cm, 
respectively.  Little  variation  in  the  NF(b)  signal  is  observed  for  differ- 
ent flow  conditions  in  the  downstream  region.  For  this  reason,  only  Case  23 
was  studied  in  the  upstream  cell  region.  The  maximum  in  the  NF(b)  signal 
apparently  is  in  the  region  between  the  two  cells  which  is  not  available  for 
observation.  However,  from  the  intensity  of  the  yellow  flame  and  the  trend 

in  the  data  in  Figure  15,  the  maximum  NF(b)  signal  is  expected  to  be  about 
-8 

1 x 10  amps. 

The  magnitude  and  insensitivity  to  gas  flow  conditions  for  the  NF(b) 
signal  is  very  similar  to  that  observed  in  the  experiments  from  Section 
2.2.1  (Figure  13  and  14),  and  even  a similar  local  maxima  in  NF ( b ) intensity 
is  observed  at  X 1 a 1,0  cm.  However,  the  maximum  NF(b)  signal  is  shifted 
downstream  to  about  Xc ' =9  cm. 

Case  25  in  Figure  15  has  the  same  F.,  and  N^F^  flow  as  Case  23.  For 
Case  25,  X£'  » 14.0  cm  was  picked  for  the  flow  maximation  of  NF(b)  intensity 
by  the  balance  of  the  gases,  D„,  He  and  H0.  The  similarity  between  the 

L L 

flows  and  NF(b)  signal  for  Cases  23  and  25  show  that  the  choice  of  the  X 1 
value  for  initial  flow  maximation  is  not  of  major  concern. 
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Figure  15.  NF ( bl i:  ) State  Intensity  Versus  X^  for  Case  of 

H2  in  Primary  Busemann  Injector  and  N2FU  in  Secon- 
dary Wedge  Injector.  Experimental  Conditions  Given 
in  Table  7. 
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Again  an  attempt  was  made  to  observe  NF(a)  for  the  gas  conditions  and 
configuration  of  these  experiments.  The  NF(a)  is  still  obscured  by  the 
N0(B  ♦ A)  emission.  It  was  found,  however,  that  by  reducing  the  combustor 
D,  flow  to  0.9  mmol/sec  for  Case  23,  it  was  possible  to  change  the  flame  to 
a bright  green  color.  Presumably,  reducing  combustor  D.,  reduces  the  free 
fluorine  atoms  available,  and,  thereby,  reducing  the  H-atoms  in  the  cavity. 
Without  excess  H-atoms,  reaction  (12) 

H + NF2  * HF  + NF(a^)  (12) 

can  compete  with  reactions  (13)  and  (14) 

H f NF(a^)  - HF  + N*(2D)  (13) 

N*(2D)  + NF(a]A)  - N.,(B3n  ) + F (14) 

9 

to  eliminate  the  N,  first  positive  emission.  However,  decreased  H-atoms 
*•  1 ^ 

means  there  is  less  HF(v  >.  2)  to  pump  the  NF(b  E ) state.  This  is  observed 
for  the  green  flame  case,  for  while  the  flame  is  green,  indicative  of 
NF(b^r+)  emission,  the  magnitude  of  the  NF(b)  signal  is  down  about  a fac- 
tor of  ten  from  the  yellow  flame  conditions. 

The  NF(a)  signal  is  also  reduced  due  to  decreased  H-atoms  flow,  and 
the  spectra  is  still  obscured  by  the  HF(3 -*■  0)  overtone  emission  in  the 
green  flame.  When  H,  is  replaced  by  D,  cavity  fuel,  the  green  flame  turns 
pale  yellow  and  it  is  finally  possible  to  clearly  observe  the  NF(a)  state 
spectra  at  874  nm.  However,  these  are  not  optimum  conditions  to  produce 
NF(a)  and  the  signal  is  very  weak. 

2.2.3  Addition  of  Nitric  Oxide  to  the  Staged  Combustion  Device 

As  indicated  in  Section  2.2.2,  it  was  possible  to  observe  NF(a)  emission 
but  only  for  gas  conditions  which  do  not  maximize  the  concentrations  of  NF(b) 
and  NF(a).  It  is  not  possible  to  maximize  the  NF(a)  signal  at  S74.2  nm 
because  of  the  interference  of  the  N-  first  positive  signal.  To  circumvent 
this  difficulty,  nitric  oxide  at  flow  rates  about  1 x 10  mol/sec  is  mixed 
in  with  the  hydrogen  cavity  fuel  leading  to  the  Busemann  primary  injector. 

The  NO  is  expected  to  remove  the  N(“"D)  atoms  which  are  the  precursor  of 
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N0(B  it  ) without  substantially  affecting  the  concentration  of  other  gas 
4 9 [ j) 

species.  ' The  NO  flow  is  metered  by  a sonic  flow  orifice  system  similar 
to  that  used  for  the  other  gases  (see  Section  2.1.2),  and  it  is  mixed  with 
the  H2  flow  sufficiently  far  upstream  to  allow  for  mixing  of  the  two  gases 
prior  to  reaching  the  primary  injector. 

The  major  effect  of  NO  addition  is  that  the  flame  changes  from  yellow 
to  bright  green.  Spectral  scans  of  the  visible  region  indicate  that  the 
first  positive  is  almost  completely  absent,  and  the  NF{a)  spectra  is  clearly 
observed.  Even  the  NF(b)  &v  = -1  emission  at  562  nm  is  clearly  visible. 

If  gas  conditions  are  chosen  which  first  maximize  the  NF(b)  signal,  upon 
addition  of  NO,  the  NF(a)  spectra  is  about  a factor  of  ten  stronger  than 
even  the  HF(3  ■+  0)  spectra  in  the  same  region.  It  is  not  necessary  to 
change  to  D2  cavity  fuel  to  clearly  observe  the  NF(a)  spectra. 

It  is  now  possible  to  adjust  the  gases  to  maximize  the  NF(a)  signal. 

Case  27,  given  in  Table  8,  is  a representative  example.  The  F2,  N2F4  and 
NO  flows  remained  constant  while  the  balance  of  the  flows  are  varied  to  maxi- 
mized NF(a)  at  the  X ' = 2.0  cm  position.  The  various  gases  could  be  ad- 
justed over  a fairly  wide  range  without  the  return  of  the  yellow  flame  sup- 
planting the  green  flame.  As  long  as  the  green  NF(b)  flame  is  observed  in 
the  reaction  cell,  the  NF(a)  signal  is  not  interferred  with.  This  fact  is 
routinely  checked  by  scanning  the  region  of  the  NF(a)  spectra.  Figure  16 
shows  the  quenching  of  the  N2  first  positive  signal  at  650  nm  in  the  region 
of  the  av  = 3 progression. 

The  gas  conditions  which  maximized  NF(a)  signal  also  are  nearly  the 
same  which  miximize  NF(b).  Figure  17  shows  the  NF(b)  intensity  as  a func- 
tion of  X 1 for  Case  27.  During  the  course  of  experiments  for  Case  27, 
the  available  N2F4  supply  was  low,  and  decreased  flow  rates  of  N2F4  were 
necessary  compared  to  Cases  22  to  25  given  in  Table  7.  However,  the  magni- 
tude and  form  of  the  NF(b)  signal  is  about  the  same  when  comparing  Figures 
15  and  17. 

Figure  17  also  shows  that  NO  has  little  effect  on  the  NF(b)  signal. 

The  green  flame  has  much  the  same  shape  and  character  as  the  yellow  flame. 

The  NF(a)  signal  at  874.2  nm  displayed  in  Figure  17  is  similar  to 
NF(b)  in  its  X 1 dependence.  The  fact  that  both  NF(a)  and  NF(b)  continue 
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to  rise  within  the  viewing  region  means  the  conversion  of  NF(a)  to  NF(b) 
by  V-E  energy  transfer  involving  HF(v  >_  2)  has  not  reached  a region  where 
HF(v  >_  2)  has  started  to  drop  significantly.  If  this  were  the  case,  N F(a) 
might  continue  to  rise  but  NF(b)  would  have  reached  a peak  value. 


I 


It  is  generally  believed  that  the  subsequent  energy  transfer  and  quench- 
ing reaction  involving  NF(a)  will  be  slower  than  its  rapid  production  from 
NF^  and  H-atoms.^’^  (In  Figure  16,  while  the  intensity  of  NF(a)  is  less 
than  NF(b),  the  NF(a)  concentration  is  about  a factor  of  fifty  higher  due 
to  the  differences  in  the  radiative  lifetimes  of  the  two  states.)  Hydrogen 
atoms  are  expected  to  be  copious  throughout  the  observation  region  of  Figure 
17  and  the  NF(a)  signal  is,  therefore,  a measure  of  the  NF2  concentration. 

The  gradual  rise  of  the  NF(a)  and  the  fact  that  its  maximum  signal  is  pro- 
bably much  farther  downstream  indicates  that  NF^  is  continually  being  pro- 
duced along  the  flow  axis.  The  linear  flow  rate  of  the  gases  corresponds 
to  about  25  usec/cm,  and  the  observation  of  the  NF(a)  signal  indicates  that 
on  a time  scale  of  several  hundred  microseconds,  the  N^F  has  not  reached  ^ 

equilibrium  in  its  thermal  decomposition. 

2.2.4  Use  of  Nitrogen  Purged  Brewster  Angle  Windows  on  the  Staged  Combustion 

Device.  1 

The  results  from  Section  2.2.3  again  indicate  that  the  NF^  is  the  limit- 
ing reagent  in  the  system,  and  on  the  time  scale  of  the  supersonic  flow, 

N^F^  thermal  decomposition  is  slow. 

All  of  the  previous  experiments  were  done  with  flat  sapphire  windows 
which  require  no  purge  gas  flow.  For  such  a small  laser  device,  the  purge 
gas  associated  with  CaF^  brewster  windows  is  known  to  increase  the  cavity 
pressure  by  a significant  fraction.  This  subsonic  gas  flow  compressing  the 
main  HF-NF  flame  from  the  sides  has  the  effect  of  increasing  the  temperature 

1 

as  well  as  pressure  of  the  flow  field.  In  this  way,  the  purge  flow  acts  like 
a shroud  causing  some  of  the  supersonic  gas  flow  energy  to  be  released  to  gas 
enthalpy  instead  of  free  jet  expansion.  The  overall  effect  should  be  an  in- 
crease in  reaction  rates  including  N^F^  thermal  decomposition  and  a short- 
ening of  the  reaction  zone  length. 

This  hypothesis  was  tested  by  the  addition  of  CaF2  brewster  windows  in 
place  of  the  two  flat  sapphire  windows  closing  the  lasing  axis  in  the  upstream 
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viewing  cell.  The  results  are  shown  in  Figures  18  and  19.  In  Figure  18, 
the  NF(b)  signal  at  Xc'  = 2.0  cm  was  observed  as  a function  of  purge  flow. 
The  cavity  pressure  rises  continuously  with  ^ flow.  The  NF(b)  signal  first 
drops,  then  rises  to  about  three  times  its  original  signal  level.  This  ini- 
tial decrease  may  represent  a fall  in  HF(v  >_  2)  concentration  as  a result  of 
V-T  deactivation  at  the  increased  cavity  pressure.  The  overall  increase  in 
NF(b)  intensity  probably  reflects  increased  ^F^  thermal  decomposition. 

These  measurements  were  made  for  Case  27  conditions  including  NO  flow  as 

.3 

indicated  in  Table  8.  The  NjF4  flow  was  0.20  x 10  mol/sec  for  these  runs 
due  to  diminishing  N2F4  supply.  The  N2  purge  flow  does  not  appear  to  sub- 
stantially alter  the  flame.  The  flame  is  more  intense  close  to  the  secondary 
blade  and  some  pinching  in  from  the  sides  is  observed. 

Figure  19  shows  the  variation  in  NF(a)  and  NF(b)  intensity  as  a func- 
tion of  Xc‘.  The  experimental  conditions  here  are  identical  to  those  in 
Figure  17  except  for  the  addition  of  brewster  windows  with  a N2  purge  flow 
of  28.4  x 10~3  mol/sec,  and  a N2F4  flow  of  0.20  x 10~3  mol/sec.  Both  the 
NF(a)  and  NF(b)  have  increased,  and  a maxima  is  observed  for  both  within 
the  viewing  region.  The  NO  flow  has  a signal  enhancement  effect  on  the  NF(b) 
signal  unlike  the  previous  situation  without  the  N2  purge.  While  the  increase 
of  signals  observed  between  Figures  17  and  19  is  not  large,  being  about  a 
factor  of  two  or  three,  this  does  lend  evidence  that  the  N2F4  is  not  fully 
dissociating.  A preliminary  analysis  indicates  that  the  NF(a)  signal  is 
about  a factor  of  fifty  less  intense  than  would  be  expected  if  the  N2F4  was 
fully  dissociated  and  there  were  no  significant  deactivation  channels  for 
NF(a). 

2.2.5  Quantitative  Measurement  of  NF(a^A)  and  (b^l+)  Population  Densities 

The  assumptions  have  been  made  that  there  is  a substantial  amount  of 
H-atoms  and  HF(v  >_  2)  in  the  flow  field,  and  that  the  gas  temperature  is 
high  enough  (>  600°K)  to  dissociate  N2F4<  The  goal  of  the  final  set  of 
staged  combustion  experiments  is  to  quantitatively  determine  the  concentra- 
tion of  the  gas  species  including  NF(a)  and  NF(b)  so  that  the  limitation 
which  results  in  less  than  anticipated  NF  excited  state  intensities  can  be 
identified.  It  is  preferable  to  work  at  conditions  which  maximize  both 
NF(a)  and  NF(b)  population,  so  the  experiments  will  use  the  purged  brewster 
windows.  Nitric  Oxide  will  be  mixed  with  the  H2  cavity  fuel  to  delineate 
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Figurp  18.  Cavity  Pressure  Pj  and  NF ( b1  E ) Signal  at  X^.  = 
2.0  cm  Versus  N:  Window  Purge  Flow  Rate.  For 
Case  27  as  Given  in  Table  8 Except  N^Fi,  is 
0.20  x 10"3  mol/sec. 
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CASE  27  WITH  N?  BREWSTER  WINDOW  PURGE 

A NF  (o  'a) 

O NF  (b  'l*) 

• NF  (b  1 r WITHOUT  NITRIC  OXIDE 
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Figure  19.  NF(ax A ) and  (b1!:  ) State  Intensity  Versus  X'  for 
N2  Window  Purge  Case.  H;  and  NO  in  PrimarycBuse- 
mann  Injector  and  N^Fi,  in  Secondary  Wedge  Injector. 
Experimental  Conditions  for  Case  27  Given  in  Table 
8 Except  N2F4  Is  0.20  x 10"3  mol/sec.  N2  Purge 
Flow  Is  28.4  x 10’3  mol/sec.  Cavity  Pressure  Pj 
Is  4.04  torr. 
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the  NF(a)  spectra.  It  is  assumed  that  the  NO  has  little  effect  except  to 
quench  the  N 2 first  positive.  The  infrared  diagnostic  is  included  in  this 
experiment  to  monitor  HF(v).  Care  is  taken  to  insure  that  the  spectral 
function  of  both  the  infrared  and  visible  system  is  triangular  and  of  known 
width. 

The  F2  and  N^F^  flow  remained  constant  while  the  balance  of  the  gases 

including  NO  and  N£  purge  are  varied  to  give  favorable  conditions.  The 

NF(a),  NF(b)  and  HF  P,(6)  line  were  monitored  at  X ' = 2.0  cm  as  the  qases 

c c 

were  varied.  This  variation  is  not  a completely  independent  process  for 
each  gas.  For  some  cases  a modest  increase  in  NF(a)  signal  would  result 
in  a marked  decrease  in  HF(v  >_  2)  and,  therefore,  a sharp  decrease  in  NF(b). 
In  other  cases,  the  flame  would  change  from  green  to  a bright  yellow,  al- 
most white.  This  was  the  N£  first  positive  coming  up  in  intensity  and  ob- 
scuring the  NF(a)  signal.  For  these  cases  no  amount  of  available  nitric 
oxide  was  able  to  quench  the  N^.  In  any  event,  a set  of  flow  conditions 
was  settled  upon  for  which  both  NF(a)  and  NF(b)  appeared  intense,  and  for 
which  N2  first  positive  was  sufficiently  quenched.  This  is  designated  Case 
38  in  Table  8. 

2.2.5. 1 Calculation  of  Absolute  Population  Densities 

The  HF(v)  population  densities  and  rotational  temperature  result 
from  the  infrared  spectra  as  discussed  in  Section  2. 1.3.1.  The  details  of 
calculating  the  NF  excited  state  number  densities  are  discussed  here.  Fig- 
ures 20  and  21  are  the  high  resolution  NF(a)  and  NF(b)  spectra,  respectively, 
observed  for  Case  38.  In  Figure  21  the  0-0,  1-1,  and  2-2  bands  of  NF(b1r+  * 
x\  ) are  visible.  In  each  band  there  are  five  branches;  ®P,  ^P,  ^Q,  ^R, 
and  The  three  Q-form  branches  form  the  primary  head  of  each  band. 

The  unformed  ^*P  branch  for  the  0-0  band  is  visible  at  about  531  nm.  The 
0-1  (562  nm)  and  1-2  (560  nm)  bands  were  also  observed  but  at  a much  reduced 
intensity.  The  spectral  resolution  is  such  that  individual  vibration- 
| rotation  lines  are  not  resolved.  The  NF(b)  population  density  is  obtained 

: from  the  spectra  in  Figure  21  in  the  following  manner. 

The  monochrometer  entrance  and  exit  slits  are  the  same  width  (and 
height)  and  a triangular  slit  function  is  appropriate.  With  the  mono- 
chrometer set  at  \Q,  the  relative  contribution  from  light  between  \ + d\ 
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CASE  38 


Figure  20.  NFU1^  -*•  X3!')  0-0  Band  Emission.  The  Various  P3  and  R3 

Lines  Indicated  in  the  Spectrum  Are  the  Wavelength  Positions 
for  HF(v  = 3 -*■  0,  J)  Transitions. 


CASE  38 


Figure  21.  NF(b1E  -*■  X3e")  av  = 0 Emission  Bands 


due  to  this  slit  function  is 


S(X,XQ)dX  = [1  - |x-X0|/FWHM]dX  (15) 

for  | X — \ 0 1 <_  FWHM,  and  S(x,x0)  = 0 elsewhere,  where  FWHM  is  the  instrumental 
full  width  at  half  maximum  due  to  the  finite  slit.  When  the  standard  Eppley 
lamp  is  used  to  calibrate  the  detection  system,  the  amperes  of  signal  observed 
at  the  output  of  the  photomultiplier  tube  (PMT)  with  the  monochrometer  set 
at  \0  is 

amps(x0)  = 1.6  x 10'19^/~N(x ) • A • S(X,XQ)  • T(x)  • QE(x)  • G • dX  (16) 

where  N(x)  is  the  photons/cm^-sec-nm  produced  by  the  Eppley  lamp  at  wave- 

length x at  the  entrance  slit  of  the  monochrometer,  A is  the  slit  area,  T(\) 
is  the  spectrometer  and  associated  optics  transmission  at  \,  Q E ( X ) is  the 
quantum  efficiency  of  the  PMT  photocathode,  and  G is  gain  of  the  PMT.  It 
is  assumed  that  the  wavelength  dependence  of  N(x),  T(\),  and  QE(\)  is  much 
slower  than  is  S(x,XQ).  Equation  16  simplifies  to 

amps (XQ)  = 1.6  x 10‘19  • A • G • N(\Q)  • T(XQ)  • QE(\q) ys(\,\0)dx  (17) 

= 1.6  x 10'19  • A • G • N(X0)  • T (xQ)  • QE ( X 0)  -FWHM  (IS) 

amps(xQ)  is  taken  from  a calibration  spectra  done  with  the  Eppley  lamp, 

N (\q)  from  the  NBS  traceable  Eppley  lamp  calibration  and  the  energy  of  pho- 
tons with  wavelength  xQ,  and  FWHM  is  determined  experimentally  using  a line 
source  much  narrower  than  the  slit  function  (e.g.,  a laser  or  an  HF(av  = 3) 
vibration-rotation  line).  A wavelength  dependent  calibration  constant 
C(\0)  can  be  written  in  terms  of  known  quantities 

1.6  X 10"'9  • A • G • T(x0)  • QE(X0)  • amps(\0)/[FWHM  • N(XQ )]  (19) 

■ C('„> 

A,  the  slit  area,  is  kept  on  the  left  hand  side  of  Equation  19  for  conven- 
ience, although  it  is  known. 


The  identical  optics/spectrometer/detector  system  is  used  to  observe 

2 

the  NF  signal.  Let  I(x)  be  the  photons/cm  -sec-nm  produced  by  the  NF  ex- 
cited state  emission  at  the  entrance  slits  at  wavelength  x.  The  signal 
X (Xq ) in  amps  observed  at  the  wavelength  xQ  is  then 

X(x0)  = 1.6  x 10'19  • A • G • T(x0)  • QE(x0)yi(x)-  S(x,x0)dx  (20) 

X(\0)  ■ C(x0) /l(x)  • S(x,x0)dx  (21) 

In  Equation  21,  X(xQ)  is  the  measured  spectrum  which  results  from  the  actual 
spectrum  I(x)  convoluted  by  the  slit  function.  C(x0)  is  known  from  the  pre- 
vious calibration. 

The  spectral  resolution  for  these  experiments  was  chosen  to  provide 
a balance  between  measured  signal  levels  and  sufficient  resolution  to  clearly 
identify  the  NF ( a ) and  NF(b)  spectrum  as  well  as  interfering  spectral  fea- 
tures from  other  molecules.  Since  the  observed  emission  features  have  about 
the  same  order  width  as  the  slit  function.  Equation  21  must  be  integrated 
numerically  to  obtain  the  integral  of  the  absolute  photon  flux.  Since 
C(x0)  is  approximately  constant  over  the  emission  spectrum,  integration  of 
Equation  21  over  XQ  gives 


fx(x0)  dx0  = C(x0)/l(x)/s(x,x0)dx0dx 

(22) 

= C(X0)  • FWHM  J I (X )dx 

(23) 

/i(x)dx  = /x(\0)dx0/[c(x0)  • fwhm] 

(24) 

That  is,  the  integral  of  the  observed  spectrum  done  with  a planimeter  is 
related  simply  to  the  integral  of  the  absolute  photon  flux. 

For  the  NF(b)  state  emission  spectra  in  Figure  21,  the  integrated 
absolute  photon  flux  can  be  converted  to  emitter  number  density  by 

[NF(bV)]  = ?^T/Ib(x)dX  (25) 
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where  Tb  is  the  radiative  lifetime  0.015  sec  for  the  NF(b1l+  - X3:')  band^ 
and  L is  the  optical  path  length.  The  integrated  photon  flux  J'l^(\)d\  for 
NF ( b ) is  derived  for  the  entire  experimental  Av  = 0 spectrum  from  v'  = 0 to  n, 
but  it  is  still  necessary  to  account  for  the  av  = -1  spectra  not  included  in 
the  integration.  This  is  done  by  dividing  by  the  Frank  Condon  factor,  f = 0.9, 
for  the  av  = 0 bands.  In  this  way,  the  NF(b)  state  population  density  ob- 
tained in  Equation  25  is  summed  over  all  vibrational  levels  which  are  observed 
to  be  populated  for  the  b^:+  electronic  state. 

The  NF(a^A)  population  density  is  obtained  in  an  identical  manner  except 

1 3 

for  two  minor  differences.  First,  only  the  0-0  band  of  the  NF(a  a -*■  X I ) 

is  observed  in  Figure  20.  The  main  head  at  874.2  nm  is  made  up  from  three 
(141 

Q-form  branches.  Eight  of  the  nine  branches  possible  for  this  band  are 

identified  in  Figure  20.  No  Av  = 0 bands  from  v'  > 0 are  observed,  however 

they  may  be  weakly  underlying  the  observed  spectra.  Bands  from  av  = -1 

(141 

have  not  been  observed  by  us  or  others/  The  result  is  that  for  the 
NF(a^A)  population  density,  a Frank  Condon  factor  is  not  used  in  the  Equation 

[NF(a1A)j  = (26) 

/ Q \ -i  3 - 

where  is  an  estimate'  ‘ for  the  NF(a  a ■*  X f)  radiative  lifetime  of 
0.7  sec,  L is  the  optical  length,  and  J'l^[\)d\  is  the  integrated  photon 
flux  of  the  observed  NF(a)  emission  spectrum  obtained  from  Equation  24. 

The  second  difference  concerns  the  HF(v  = 3 -*•  0)  lines  which  interfere 
slightly  with  the  NF ( a ) emission.  These  HF  lines  are  shown  in  Figure  20, 
but  at  these  flow  conditions  the  NF( a ) is  more  intense.  Figure  22  is  for 
the  identical  conditions  except  has  been  substituted  for  the  cavity 
fuel.  Comparing  Figures  22  and  20,  it  is  a simple  matter  to  integrate  out 
by  "eye"  the  interfering  HF  spectra.  This  is  further  aided  by  the  observa- 
tion of  the  magnitude  of  the  HF  P^  ^ g(l)  and  P^  _ q(2)  lines.  These  lines 
fall  in  a region  where  no  NF(a)  emission  is  present  and  the  lines  give  a 
quantitative  estimate  to  the  magnitude  of  the  HF  R-branch  lines.  This 
correction  for  the  presence  of  the  HF  R-branch  lines  is  made  when  integra- 
ting the  observed  NF(a)  emission  spectrum  for  use  in  Equation  24. 

One  final  point  concerns  the  first  positive  emission.  As  can  be 
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Figure  22.  NFCa1!  X3z")  0-0  Band  Emission  for  Case  Using  Deuterium 
Cavi ty  Fuel . 


seen  in  Figure  20,  the  region  between  the  well  resolved  HF  P^  _ g(l)  and 
Pg  ^ q ( 2 ) lines  has  returned  to  the  zero  signal  level.  This  would  be  a 
region  where  the  N9  emission  would  normally  be  seen  when  present  in  suffi- 
cient intensity  to  interfere  with  the  NF(a)  spectrum.  In  practice,  for  all 
the  NF(a)  spectral  scans,  observation  was  extended  through  this  region  to 
observe  both  the  intensity  (or  lack  of)  for  the  HF  P-branch  lines  and  N9 
first  positive  bands. 

2. 2. 5. 2 Results 

Figure  23  shows  the  variation  in  the  NF(a!;  NF(b)  and  HF  P^  ^ ^(6) 
intensity  with  Xc‘  for  Case  38.  The  slits  are  considerably  more  narrow 
(0.5  nm)  than  for  the  previous  experiments,  so  the  signal  magnitudes  cannot 
be  compared  directly.  There  is  an  induction  period  until  X 1 = 0.5  cm  be- 
fore substantial  reaction  or  mixing  takes  place.  After  that  point,  both 
the  NF(a)  and  NF(b)  rise  sharply.  The  NF(b)  has  a definite  maximum  at 
X ' = 2.0  cm,  and  falls  after  that  point.  This  is  probably  due  mostly  to 
a decrease  in  HF(v  >_  2)  concentration.  In  contrast,  the  NF(a)  signal  levels 
off  and  only  slowly  decreases  with  Xc'.  This  behaviour  is  followed  by  the 
flame.  With  the  NO  flow  on,  the  bright  green  flame  is  observed  only  in  the 
upstream  cell.  In  the  downstream  cell  (Xc'  = 10.6  to  16.8  cm)  no  green 
flame  is  observed  indicating  that  the  NF(b)  is  no  longer  being  produced  at 
large  Xc>  In  fact,  there  must  be  a quenching  mechanism  to  decrease  NF(b), 
probably  the  near  resonant  E-V  energy  deactivation  by  HF(v  = 0). 

With  the  NO  flow  off,  the  entire  viewing  region,  even  downstream  of 
the  second  viewing  cell,  is  a bright  yellow  flame.  The  yellow  flame  remains 
the  same  even  when  02  cavity  fuel  is  used.  NF(a)  and  H or  D-atoms  are 
necessary  in  the  steps  leading  to  the  N^  first  positive  emission  (see  reac- 
tions 13  and  14  above),  and  the  short  radiative  lifetime  (t  * 5 usee)  of  the 
N2(B3,g)  state  means  that  the  yellow  flame  is  essentially  a tracer  for  NF(a) 
and  excess  H-atoms.  The  extent  of  the  yellow  flame  means  that  excess  H-atoms 
persist  far  downstream,  and  NF(a)  is  either  continually  produced  or  has  mini- 
mal reaction/deactivation  over  a long  flow  distance.  The  gradual  decrease 
of  NF(a)  in  Figure  23  would  indicate  that  fast  reaction/deactivation  proces- 
ses are  not  probable  for  NF(a). 

It  was  not  possible  to  make  a spectral  scan  at  all  the  points  indicated 
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in  Figure  23.  Figure  24  does  show  that  the  integrated  intensity  of  the 
experimental  spectrum  does  follow  the  trend  shown  by  the  peak  intensity  val- 
ues in  Figure  23.  The  values  for  NF(a)  and  NF(b)  population  density  derived 
from  Figure  24  at  X ' = 2.0  are  given  in  Table  9. 

Figure  25  shows  the  results  of  the  simultaneous  infrared  measurements. 

The  HF(v  >_  2)  concentration  is  on  the  order  of  2 x 10^  molec/cm^  through- 
out the  reaction  region  until  it  drops  sharply  after  X ' 3 3.0  cm.  This 
means  there  should  be  sufficient  vibrational ly  excited  HF  available  for 
V-E  energy  transfer  with  NF(a)  to  form  NF(b).  A sharp  drop  in  NF(b)  would 

be  anticipated  beyond  X 1 = 3.0  cm.  The  drop  in  NF(b)  after  X 1 = 2.0  cm 

c c 

noted  in  Figure  23  may  indicate  the  already  declining  value  of  NF ( a ) concen- 
tration as  well  as  HF(v  = 3).  The  HF(v  = 3)  is  more  nearly  resonant  than 
HF(v  = 2)  for  the  V-E  energy  transfer  process.  The  lack  of  any  NF(b)  ob- 
served in  the  downstream  cell  certainly  reflects  the  complete  deactivation 
of  HF ( v >_  2)  and  a corresponding  rise  in  HF(v  = 0). 

While  there  is  no  measurement  of  the  HF(v  = 0)  concentration,  it  is 

1 5 3 

estimated  to  be  about  4 x 10  molec/cm  at  X ' = 2.0  cm.  The  cavity 

pressures  are  high  enough  to  expect  a significant  deactivation  of  HF(v) 

to  the  ground  state.  This  would  mean  that  the  observed  ratio  of  NF(a)  to 
NF(b)  of  30/1  is  very  nearly  the  equilibrium  concentration  expected  at 
1000°K  for  the  given  HF(v)  concentrations . 

The  rotational  temperature  given  in  Figure  25  indicates  a gas  temperature 
of  about  lOOO^’K.  This  should  be  more  than  adequate  to  dissociate  the  N^F, 
at  equilibrium.  Since  to  a first  approximation  [H]  = £[HF(v)]  a 5 x 10'5 

molec/cm,  there  should  be  a copious  amount  of  H-atoms  to  react  with  any 

NF£.  The  persistance  of  the  yellow  flame  far  downstream  indicates  excess 
H-atoms  are  surviving  a considerable  distance.  If  we  assume  that  for 
Case  38  all  of  the  free  F^  in  the  combustor  is  converted  to  F-atoms,  and 
that  all  the  (which  is  slightly  less  than  the  available  F-atoms)  is  con- 
verted to  H-atoms,  the  gas  flows  as  they  reach  the  secondary  N0F^  injector 
would  have  the  values  given  in  Table  10.  If  the  further  assumptions  are 
made  that  all  the  N^F^  dissociates,  and  all  the  NF0  reacts  with  H-atoms 
to  form  NF  excited  states  without  any  subsequent  deactivation  or  reaction 
of  NF,  the  gas  flows  downstream  from  the  secondary  blade  would  have  the 


Table  9.  NF  Excited  State  Production  by  Staged  Combustion. 
Results  for  Case  38  at  X'  = 2.0  cm. 


NF(a]A) 

6.8  x 10^3  molec/cm3 

NF(bV) 

2.3  x 1012  molec/cm3 

HF(v  >_  2) 

1 .9  x 1014  molec/cm3 

NF(a1A)/NF(b1S+) 

30/1 , Equilibrium 

Ratio 

N?F.  Dissociation 
^ Efficiency 

U 

Gas  Pressure 

6.1  torr 

Gas  Temperature 

985°  K 

Linear  Flow  Velocity 

4 x 104  cm/sec 

values  in  Table  11.  The  N2  purge  gas  flow  is  not  included  in  Table  11 
since  it  does  not  mix  with  the  flame  gases,  but  rather  only  provides  a 
confining  sheath  flow.  From  the  measured  pressure  and  temperature  in 
the  cavity,  the  mole  fraction  of  total  NF*  excited  states  in  this  most 
optimistic  case  would  correspond  to  a concentration  of  about  3.8  x 1015 
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molec/cm  . The  sum  of  NF  excited  states  measured  for  Case  38  at  X ' = 

c 

2.0  cm  corresponds  to  2%  of  this  maximum  amount.  This  would  correspond  only 
to  one  percent  dissociation  of  N2F4  if  all  the  subsequent  NF2  was  utilized 
with  complete  efficiency. 

This  NF2  utilization  rate  of  two  percent  is  a lower  bound  and  given 
the  level  of  the  various  assumptions  of  perfect  mixing  and  reaction,  the 
N^  dissociation  is  probably  more  in  the  one  to  three  percent  range.  This 
is  still  considerably  lower  than  what  is  expected  at  1000°K.  However,  a 
low  NF2  concentration  explains  the  low  concentration  of  NF ( a ) that  is 
observed.  The  low  steady  state  concentration  of  NF(a)  means  that  the  pro- 
duction and  removal  rates  of  NF(a)  are  nearly  balanced.  The  slow  decay 
of  NF ( a ) concentration  reflected  in  Figure  23  would  indicate  that  the  pro- 
duction rate  is  also  low.  The  rate  constant  for  the  reaction  of  H-atoms 
wiht  NF2  is  large  at  about  0.1  gas  kinetic;  the  concentrations  of  H-atoms 
is  high;  the  remaining  cause  of  a low  production  rate  is  a low  NF2  concen- 
tration. 

p 

The  flame  cross  section  is  estimated  to  be  2 cm  x 3.5  cm  = 7 cm  , and 
this  value  is  used  to  estimate  the  linear  flow  velocity  in  Table  9.  This 
corresponds  to  a 25  usec/cm  time  scale  in  the  flew  direction. 

2.3  CONCLUSIONS 

The  main  conclusions  for  the  staged  combustion  experiments  come  from 
the  quantitative  measurements  done  for  Case  38,  and  they  are  summarized 
below. 

• The  low  concentrations  of  NF(a)  results  from  low  NF2  concentrations. 
The  bottleneck  in  the  NF2  production  rate  results  from  slow  thermal 
decomposition  of  N2F^  on  the  supersonic  flow  timescale. 

• NF(a^A)  and  NF(b^E+)  can  be  produced  in  an  exclusively  chemical 
reaction,  laser  type  device.  All  experimental  observations  are 
consistent  with  established  chemical  reaction  mechanisms.  No  undue 
handling  or  materials  problems  were  encountered. 
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• In  a realistic  chemical  laser  environment,  the  quenching  of  NF(a^) 
and  NF(b'l+)  appears  to  be  slow.  The  oossibility  exists  that  NF 
self  quenching  could  be  a factor  at  higher  NF  concentration. 

• Besides  the  one  to  three  percent  thermal  decomposition  efficiency 
of  N2F4  , no  kinetic  bottlenecks  or  competing  reactions  were 
encountered.  Mixing  of  N2F4  appears  to  be  homogeneous  from 
observations  of  the  flame. 

• It  is  possible  to  produce  sufficient  HF(v  >_  2)  to  efficiently  trans- 
fer NF(a]A)  to  NF(b^r+),  and  to  effect  an  equilibrium  ratio  between 
the  NF ( a * A ) and  NF(blz+)  concentrations. 

The  last  point  deserves  some  additional  comments.  The  method  which 
would  probably  be  used  to  increase  the  N2F4  decomposition  rate  and  ultimately 
raise  the  NF  excited  state  concentrations  to  a value  necessary  for  cw  lasing 
i probably  entail  increasing  the  cavity  pressure.  Any  such  pressure  increase 

l is  going  to  rapidly  deactivate  HF(v  >_  2).  Such  deactivation  not  only  decreas 

es  the  rate  of  the  NF(a)  to  NF(b)  transfer,  but  provides  more  HF(v  = 0) 

: to  oppose  this  energy  transfer.  The  best  that  could  be  hoped  for  would  be 

' to  establish  equilibrium  for  the  process 


1 . 

; 4 
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HF (v  = 2)  + NF(a]A)  t HF(v  - 0)  + NF(bV)  (27) 


Decreased  HF(v  > 2)  and  increased  HF(v  = 0)  would  unfavorably  shift  the 

— -I 

equilibrium  to  NF ( a a).  Also  the  production  step  for  NF(a)  itself  produces 
HF(v  = 0). 

The  advantage  of  transferring  energy  from  the  NF(a)  to  NF(b)  state  is 
the  factor  of  ten  less  NF(b)  state  concentration  compared  to  NF ( a ) that  is 
required  for  threshold  lasing.  It  is  unlikely,  however,  that  for  HF(v  >_  2) 
used  as  the  energy  transfer  medium,  sufficient  NF(b)  would  be  generated  for 
lasing  if  NF(a)  is  not  already  of  sufficient  concentration  to  lase  itself. 

Overall,  staged  combustion  still  appears  to  be  a viable  concept  for  an 
NF  laser.  The  main  problem  to  solve  is  the  N^F^  dissociation,  and  this  is 
a problem  which  may  not  be  unique  to  the  staged  combustion  laser.  Some 
preheating  of  the  N^  in  a subsonic  flow  section  to  produce  NF2,  not  unlike 
F-atom  production  in  a conventional  combustor  is  envisioned.  Injection  of 
NFj  itself  into  the  laser  should  remove  any  kinetic  bottlenecks.  The 
staged  combustion  device  is  flexible  enough  that  it  can  easily  be  scaled  in 
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3.  TRI -STREAM  NOZZLE  EXPERIMENTS 

The  tri-stream  nozzle  (TSN)  allows  for  mixing  of  three  component  gases 

at  the  throat  of  a slit  nozzle,  prior  to  substantial  expansion.  The  TSN 

(91 

hardware  has  previously  been  used  as  a DF  laser  device,  ' and  it  represents 
a second  technique  for  mixing  the  three  reagents  N2F4,  H2,  and  F-atoms  re- 
quired for  the  NF  system.  The  TSN  experiments  were  primarily  designed  to 
gather  quantitative  data  for  a given  set  of  flow  conditions  to  compare  to 
previous  LAMP  modeling  calculations  performed  at  AFWL  for  the  TSN. 

3.1  EXPERIMENTAL 

The  TSN  experiments  are  identical  in  almost  all  respects  to  the  staged 
combustion  experiments  except  for  the  size  and  configuration  of  the  nozzle. 
The  details  of  the  gas  handling,  optical  diagnostics,  and  data  reductions 
techniques  will  be  mentioned  only  where  they  differ  from  those  described  in 
Section  2.0.  The  main  concern  in  the  TSN  experiments  is  the  scale  of  the 
nozzle  means  about  a factor  of  fifty  higher  N2F4  flow,  and,  therefore,  rapid 
scan  techniques  must  be  utilized  to  record  data  in  a short  time  period. 

These  details  will  be  discussed  below. 

3.1.1  Experimental  Apparatus 

The  experimental  apparatus  is  shown  scheimatical ly  in  Figure  26.  Fig- 
ures 27  to  29  show  several  views  of  the  experiment.  The  mixing  block  64 
of  the  smallest  element  size  (Lg  = 0.24  cm)  and  the  C3  contour  nozzle  with 
area  expansion  ratio  A/A*  = 10  are  used  for  all  experiments. 

The  order  that  the  various  gases  issue  from  the  mixing  channels  in  the 
nozzle  throat  has  the  pattern 

f,  n2f4,  h2,  n2f4,  f,  n2f4,  h2,  n9f4,  F. 

F represents  the  combustor  flow  which  contains  fluorine  atoms  along  with  He 
and  OF.  The  N2F4  and  H2  are  injected  as  pure  gases  without  dilution.  The 
element  length  Lg  is  defined  as  the  distance  between  the  centerline  of  the 
F-atom  port  and  the  centerline  of  the  next  adjacent  H9  port.  The  nozzle 
exit  dimensions  are  6.35  cm  x 1.02  cm,  and  the  mixing  block  contains  thirteen 
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rw  \ 1 ono  Laser  Axis  of  Tri-Stream  Nozzle.  This 
• t-e  Side  that  Visible  Wavelenotti  Measure-  cuts 
ere  ‘Tide:  the  opposite  Side  Was  Used  t"o»  Inf  rare 
'eu  surement  s . Gas  F low  Is  fret"  Top  to  Rot  tor 


F-atom  ports,  twenty-six  ports,  and  fourteen  ports.  The  entire  nozzle 

assembly  is  water  cooled.  Additional  details  of  construction  of  the  TSN 

(91 

hardware  is  given  elsewhere/  ' 

The  TSN  and  its  adaptor  flange  are  mounted  to  a water-cooled  vacuum 
box.  The  gases  are  allowed  to  expand  free  jet  into  the  cavity.  The  vacuum 
box  contains  viewing  windows  which  allow  observation  of  the  NF  flame  for  a 
distance  of  13  cm  downstream  from  the  nozzle  exit  plane.  Distance  along  the 
flow  axis  is  measured  from  the  nozzle  exit  plane  and  designated  Xc>  The  cav- 
ity is  fitted  with  two  pressure  taps,  P-j  at  Xc  = 0.6  cm  and  at  Xc  = 11.8  cm. 
0-10  to rr  MKS  absolute  capacitance  manometers  are  used  to  record  the  cavity 
pressures . 

The  existing  MK-VI  water-cooled  combustor  is  fitted  to  the  TSN  hardware. 

The  aluminum  combustor  is  15.2  cm  in  length  and  has  a flow  cross  section  of 
17.8  x 3.8  cm.  The  combustor  reactants  F2 • D2,  and  He  are  mixed  by  a copper 
shower-head  impingi ng-jet  injector  at  one  end.  The  combustor  pressure  Pc  is 
monitored  by  a Viatran  0-15  psia  strain  guage  type  pressure  transducer. 

The  gases  flow  through  a straight  duct,  water-cooled  heat  exhanger  prior 
to  being  pumped  away  by  the  vacuum  system. 

3.1.2  Gas  Delivery  System 

The  F2,  D^,  H2,  and  N2F4  flows  are  metered  by  critical  flow  orifices 
contained  in  a flow  panel.  The  flow  panel  can  be  seen  in  Figure  27.  He  com- 
bustor diluent  is  metered  by  a rotometer  system.  All  the  gas  flow  systems 
have  been  calibrated  with  the  test  gases  using  Matheson  linear  mass  flow  trans- 
ducers. Argon  was  used  for  F2,  and  SFg  for  NjF^  in  their  orific  calibrations, 
and  the  appropriate  sonic  orifice  correction  factors  applied. 

Of  special  note  is  the  problems  encountered  due  to  large  pressure  drops 
associated  with  the  N2F4  flow  through  the  small  ports  1.1  the  mixing  nozzle. 

The  nozzle  was  originally  designed  for  He  diluent  to  flow  through  these  ports, ^ 
and  the  higher  molecular  weight  N2F^  encounters  a substantial  pressure  drop. 

Also,  the  N2F4  is  flowing  into  the  threat  of  the  nozzle  where  pressures  are 
on  the  order  of  0.5  atm  when  the  other  gases  are  on.  The  result  is  that  for 
typical  N2F4  flow  rates,  the  pressure  upstream  of  the  mixing  nozzle  is  about 
0.8  atm.  The  result  is  the  lower  bound  of  the  N2F4  pressure  which  is  suffi- 
cient to  drive  the  N2F4  flow  metering  orifice  in  a choked  flow  mode  is  1.6  atm. 
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This  in  turn  limits  the  amount  of  useable  in  the  supply  bottle  ( N2F4 
pressure  is  7.8  atm  in  a full  bottle).  A vacuum  gauge  is  used  downstream 
of  the  orifice,  and  upstream  of  the  mixer  to  ensure  that  choked  flow 
conditions  are  maintained. 

3.1.3  Optical  Diagnostics 

The  infrared  and  visible  diagnostics  are  used  in  the  same  manner  to 
determine  HF(v),  NF(a^A),  and  NF(b1l+)  population  densities  and  the  gas  tem- 
perature. All  measurements  are  made  through  flat  sapphire  windows  along  the 
lasing  axis  of  the  nozzle  (see  Figure  29).  A bellows  and  lab  jack  system 
is  used  to  translate  the  spectrometers  along  the  flow  axis,  and  care  is 
taken  to  insure  that  both  spectrometers  simultaneously  view  the  center  of  the 
flame  at  the  same  Xc  value. 

The  scanning  speed  of  the  visible  spectrometer  is  set  at  10  nm/sec, 
and  the  infrared  spectrometer  at  80  nm/sec.  These  scanning  speeds  require 
5 sec  to  complete  the  NF( a ) and  HF(v)  spectra  and  2 sec  to  complete  the  NF(b) 
spectrum.  A fast  light  pen  Visicorder  is  used  to  record  the  spectra  on  this 
time  scale. 

It  is  necessary  to  demonstrate  that  at  these  rapid  scan  speeds,  the  time 
constants  associated  with  the  detector  electronics  and  recording  equipment 
does  not  distort  the  spectral  line  shape  or  clip  some  of  the  observable  in- 
tensity. This  is  conviently  checked  prior  to  the  NF  experiments  by  viewing 
the  HF  flame  in  the  TSN  apparatus.  The  HF  flame  provides  a number  of  sharp 
spectral  lines  for  av  = 1 in  the  infrared  and  av  = 3 in  the  visible.  At 
the  proper  time  constant  settings  for  the  detector  electronics,  the  intensity 
and  FWHM  of  individual  spectral  lines  agree  with  the  same  values  at  much  slow- 
er scan  rates.  Figure  30  shows  a typical  HF(v  = 3*0)  spectrum  taken  at  the 
fast  scan  rate. 

The  visible  spectrometer  slit  height  remains  at  2 mm,  but  the  infrared 
spectrometer  slit  height  was  increased  to  4 mm  because  of  observed  signal 
levels.  Both  slits  are  positioned  perpendicular  to  the  flow  axis.  A new 
sensitivity  calibration  is  determined  for  both  the  infrared  and  visible  sys- 
tem immediately  following  the  TSN  experiments. 
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3.2  RESULTS 


Initially,  a set  of  flow  conditions  were  decided  upon  for  the  experi- 
ments, and  they  are  labeled  preliminary  in  Table  12.  These  flow  rates  were 
chosen  by  considering  the  supply  of  available,  safety  of  handling  flows 
in  the  laboratory,  and  flow  rates  and  combustor  pressures  used  in  the  LAMP 
modeling  calculations. 

During  the  course  of  an  experimental  run,  the  pressure  upstream  of  the 

sonic  metering  orifice  for  and  F£  (and,  therefore,  the  gas  flow)  was 

monitored  along  with  the  combustor  pressure  P and  the  two  cavity  pressures 

c 

P-|  and  The  data  were  recorded  on  fast  strip  chart  recorders.  In  prac- 
tice for  a given  run,  the  F2,  D£,  He>  an<^  ^2  were  burned  on  anc*  a^  checked 
to  confirm  that  their  nominal  flow  rates  were  correct.  These  flows  remained 
constant  from  run  to  run.  The  ^F^  flow  did  vary  slightly  from  run  to  run 
as  the  supply  bottle  was  depleted.  The  recording  system  allowed  for  the 
actual  flow  during  a run  to  be  measured.  The  N^F^  would  usually  take  1 to 
2 sec  to  level  off  after  being  turned  on,  and  this  was  allowed  to  happen 
prior  to  beginning  of  the  spectral  scan.  The  resulting  operating  pressures 
are  given  in  Table  12. 

When  preliminary  gas  conditions  were  turned  on,  the  bright  yellow  flame 
appears  throughout  the  cavity.  Photographs  from  the  side  indicate  twelve 
bright  filaments  in  the  flame  which  correspond  in  position  to  the  twelve 
N2^4'H2‘N2F4  l1”xin9  Triplets.  The  filaments  do  not  seem  to  expand  appre- 
ciably until  about  Xc  = 5 cm,  where  the  flame  merges  into  a more  homogeneous 
appearance. 

Overall,  the  bright  yellow  flame  seems  steady,  but  there  is  an  observable 
flickering  associated  with  it.  When  either  HF  or  NF  emission  is  monitored 
this  flickering  is  easily  observable.  The  magnitude  of  this  flow  instabil- 
ity seriously  degrades  the  signal* so  as  to  make  quantitative  measurement 
nearly  impossible.  Both  the  infrared  HF  and  visible  NF  signals,  coming  from 
two  separate  detectors  both  oscillate  in  phase  and  at  the  same  frequency 
(28  hz).  The  oscillation  is  present  throughout  the  flame  region,  and  there 
must  be  a resonant  flow  instability  for  these  flow  conditions.  While  it  was 
possible  to  detect  NF(a)  and  NF(b)  emission  the  signal  to  noise  ratio  of 
about  2 to  1 precludes  quantitative  measurement. 
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The  F2  and  flow  were  varied  over  a considerable  range  without 
minimizing  the  flow  instability.  Then  the  He  flow  was  reduced  with  a marked 
increase  in  the  NF  signal  and  a disappearance  of  the  flickering.  These  flow 
conditions  now  constitute  the  final  test  case  conditions  given  in  Table  12, 
and  for  which  quantitative  measurements  were  possible. 

For  the  test  case  conditions,  the  twelve  filaments  are  still  clearly 
discernable  from  the  side  of  the  flame,  but  they  now  seem  to  merge  at  about 
Xc  = 2.5  cm  to  form  a homogeneous  yellow  flame  for  the  balance  of  the  view- 
ing region.  Viewed  along  the  lasing  axis,  the  flame  appears  to  be  a simple 
free  jet  expansion  with  a brighter  core  extending  from  the  nozzle  throat  to 

about  X„  = 2 cm. 
c 

A number  of  individual  experimental  runs  were  required  to  gather  the 
necessary  data.  While  the  nominal  conditions  for  the  test  case  are  given 
in  Table  12,  Table  13  gives  the  conditions  for  individual  experiments.  The 
^F^  supply  bottle  pressure  is  decreasing  during  the  course  of  these  experi- 
ments and  this  is  the  source  of  the  variation  in  N0F.  flow  rate. 

2 4 

The  HF(v)  infrared  spectrum  and  NF(a)  visible  spectrum  are  recorded 
simultaneously.  Figure  31  is  an  example  of  this.  This  spectrum  is  recorded 
in  five  seconds.  The  NF(a)  is  clearly  identified  and  the  HF(v  =3*0) 
lines  falling  in  the  same  region  are  labeled.  In  the  range  Xc  = 1 to  5 cm, 
no  interfering  Ng  first  positive  emission  is  observed  in  spite  of  the  fact 
that  nitric  oxide  was  not  used  in  these  experiments.  The  solid  line  passing 
through  the  NF(a)  spectrum  in  Figure  31  encloses  the  area  used  for  intensity 
integration  of  the  NF(a)  after  correction  for  HF(v  = 3*0)  lines.  The 
appearance  of  the  HF(v  = 3*0)  spectrum  is  shown  in  Figure  30. 

At  Xc  >_  8 cm,  the  NF  (a)  and  HF(v  = 3*0)  intensities  have  decreased, 
and  the  Nj  first  positive  emission  now  dominates  the  870  nm  region  as  shown 
in  Figure  32.  It  was  not  possible  to  make  a quantitative  NF(a)  measurement 
in  this  region. 


• ; 


Figure  33  shows  the  NF ( b)  spectrum.  This  scan  requires  1.5  sec.  The 
NF ( b ) is  clearly  observed  throughout  the  viewing  region. 

The  results  for  the  integrated  signal  intensity  of  NF ( a ) and  NF(b)  are 
shown  in  Figure  34.  Measurements  between  X£  = 0 to  5 cm  are  taken  in  the 
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Table  13.  Tri-Stream  Nozzle  Test  Case  Experimental  Conditions. 

(Continued) 


upstream  window,  between  Xc  = 7 to  13  cm  in  the  downstream  window.  Figure 
35  shows  the  HF(v)  population  density  and  temperature  resulting  from  the 
infrared  spectra.  Comparing  these  results  to  the  staged  combustion  device 
(Figure  25),  the  HF(v)  populations  for  the  TSN  are  about  a factor  of  five 
higher,  and  over  the  range  of  Xc,  no  sharp  drop  in  the  population  density 
is  measured.  The  temperature  rise  of  700  to  1600°K  is  in  contrast  to  the 
nearly  constant  1000°K  temperature  for  the  staged  combustion  system,  and 
is  indicative  of  continued  heat  release  due  to  chemical  reaction. 

Figure  36  shows  the  results  for  the  population  density  of  NF(a),  NF(b) 
and  HF(v  >_  2).  The  optical  path  length  is  taken  to  be  6.5  cm.  In  contrast 
to  the  staged  combustion  results,  the  NF(a)  excited  state  population  den- 
sity drops  continuously  over  the  viewing  region.  The  point  of  maximum  NF(a) 
concentration  appears  to  be  very  close  to  the  nozzle,  and  may  even  be  inside 
since  reaction  can  start  taking  place  in  the  nozzle  throat. 

The  concentration  of  HF(v  >_  2)  and  presumably  H-atoms  is  sufficiently 
high  so  not  to  limit  the  reactions  or  subsequent  energy  transfer.  It  appears 
from  Figures  35  and  36  that  the  majority  of  reactions  producing  HF(v)  and 
NF( a ) are  completed  in  the  first  several  centimeters.  The  reactions  which 
cause  the  temperature  increase  at  larger  values  of  Xc  are  not  clear.  De- 
gradation of  either  HF(v),  NF(b),  or  NF(a)  internal  energy  to  gas  enthalpy 
is  not  taking  place  at  a significant  rate  for  X£  > 5 cm.  The  intensity  of 
^(B  -*■  A)  would  not  indicate  a substantial  amount  of  reactions  are  follow- 
ing the  ^(B)  production  channel.  One  speculation  could  be  reactions  which 
produce  NF  ground  state  directly,  and,  therefore,  are  not  observed  in  emission. 

Another  feature  of  Figure  36  is  that  the  NF(a)  concentration  appears 
to  level  off,  and  indications  from  NF(a)  spectra  at  X > 5 cm  (where  N«(B  -*■  A) 
interfers  with  quantitative  measurements)  is  that  the  NF(a)  maintains  a fair- 
ly constant  population  density  out  to  X£  = 12  cm.  The  initial  decrease  in 
NF(a)  is  probably  a geometrical  effect  due  to  the  flame  expansion.  The 
NF(b)  population  density  also  maintains  a fairly  constant  level  from  Xc  = 

5 to  12  cm  after  an  initial  drop  due  to  decreasing  HF(v  >_  2)  and  gas  expan- 
sion. This  lack  of  significant  decay  in  NF(a)  and  NF(b)  signal  again  indi- 
cates the  absence  of  fast  deactivation  mechanism  in  the  chemical  laser  envir- 
onment. 
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POPULATION  DENSITY  (MOLECULES/CMJ) 


l 

Figure  36.  NFCa1^),  NF(b1r+),  and  HF(v  >_  2)  Population  Density 
Versus  Xr  for  Tri -Stream  Nozzle  Test  Case.  The 
NF(a)/NF(b)  Population  Ratio  Is  Also  Indicated  in 
the  Diagram. 
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NF  (b)  POPULATION  RATI1 


Table  14  lists  the  results  for  the  TSN  experiments  at  Xc  * 1.0  cm, 
where  the  highest  NF*  excited  state  concentrations  are  observed.  The 
value  for  NF(b)  population  density  as  been  adjusted  by  the  Frank  Condon 

9 

factor  for  .\v  • -1  emission  Intensity.  A value  of  2.5  cm  x 6.5  cm  * 16.3  c»r 

Is  used  for  the  flame  cross  section  to  estimate  the  linear  flow  velocity. 

Again,  If  we  assumed  perfect  mixing  and  reaction,  and  lack  of  deactivation 

in  the  flow  field,  the  maximum  amount  of  NF  excited  states  would  correspond 
1 5 3 

to  2.3  x iO  molec/cm  . The  observed  amount  is  eleven  percent  of  this. 
However,  In  the  Ideal,  fully  reacting  case  H-atoms  would  be  the  limiting 
reagent  In  the  H + NF0  reaction,  so  this  eleven  percent  NF  production  results 
from  only  about  two  percent  N^F^  dissociation. 

Also  shown  In  Figure  36  Is  the  NF(a)  to  NF ( b ) concentration  ratio.  At 

X • 1.0  cm,  the  value  of  forty-three  for  this  ratio  is  not  close  to  the 

15  3 

equallbrium  ratio  of  six  assuming  HF(v  » 0)  Is  about  6 x 10  molec/cm  . 

The  flow  speed  is  considerably  higher  compared  to  the  staged  combustion 
case.  This  is  probably  due  to  the  absence  of  mixing  blades  and  wedges  creat- 
ing drag  in  the  flow  field,  as  well  as  the  absence  of  purge  back  pressure 
due  to  purge  gas  flow.  The  use  of  mechanical  shrouds  with  the  TSN  would  be 
expected  to  Increase  the  NF(a)  concentration. 

3.3  CONCLUSIONS 

The  conclusions  as  given  in  Section  2.2.6  for  the  staged  combustion  laser 
are  equally  valid  for  the  TSN  laser,  and  demonstrate  that  many  of  the  charac- 
teristics of  the  NF  system  are  not  device  dependent.  These  conclusions 
1 nc 1 ude : 

• Low  N?Fg  dissociation  efficiency  Is  the  primary  limitation  for 
the  observed  NF ( a ) and  NF(b)  population  density. 

• NF(a\\)  and  NF(bV  + ) are  produced  in  an  exclusively  chemical  re- 
action, laser  type  device. 

• In  a realistic  chemical  laser  environment,  the  quenching  of 
NF(a'a)  and  NF(bV)  Is  slow. 

• The  NF(a'.v)  concentration  is  factor  of  four  higher  (and  the  N.,F, 
flow  rate  per  noi^le  exit  area  a factor  of  twenty-three  largeM4 
In  the  TSN  experiment  compared  to  staged  combustion;  the  ratio 
of  NF(a'.\)  to  NF(b’rt)  is  lower  in  the  TSN  experiment. 
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• Mixing  between  the  separate  flow  channels  Is  not  good  in  the 
TSN  indicated  by  the  appearance  of  distinct  streamlines.  This 
is  in  contrast  to  staged  combustion  where  the  flame  is  homo- 
geneous. 

It  is  somewhat  surprising  that  the  TSN  did  not  demonstrate  an  improved 
dissociation  rate.  The  N2F4  is  first  mixed  into  the  gas  in  the  nozzle 
throat,  a region  of  high  pressure  and  temperature.  This  lack  of  dissocia- 
tion of  N2F4  may  be  partially  explained  by  the  poor  transverse  mixing  asso- 
ciated with  the  TSN. 
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